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ABSTRACT 

The recent Ebola outbreak in West Africa was the largest recorded in history with over 28,000 

cases confirmed in Guinea, Liberia, and Sierra Leone resulting in >11,000 deaths including >500 

healthcare workers.  This international crisis demonstrated the urgent need for a safe, effective 

and readily available treatment of Ebola infection. Multiple promising small molecule drugs and 

biologics were rapidly pushed into clinical trials, including several nucleoside based 

therapeutics. From our nucleoside library, a focused screening effort identified a 1′-CN modified 

C-nucleoside 4 and a phosphoramidate prodrug mixture 4a, that demonstrated potent anti-EBOV 

activity across multiple viral variants and cell lines in vitro (EC50 <170 nM). Structure activity 

relationships established that the 1′-CN group and C-linked nucleobase were critical both for 

optimal anti-EBOV potency and anti-viral selectivity versus host polymerases.  From a suite of 

phosphoramidate prodrugs the 2-ethylbutyl alaninyl monophosphoramidate prodrug Sp isomer 

GS-5734, 4b was identified with anti-EBOV EC50<100 nM and broad spectrum activity toward 

several other families of RNA viruses.  The Sp isomer was confirmed by X-Ray and the 

development of a robust and diastereoselective synthesis provided sufficient quantities of 4b to 

enable preclinical efficacy and safety studies. In a non-human primate EBOV challenge model, 

once-daily, 10 mg/kg i.v. treatment with 4b on days 3-14 post infection had a significant effect 

on viremia and mortality resulting in 100% survival of infected treated animals [Nature 2016, 

531, 381-385]. Phase 1 studies with 4b in normal human volunteers have been completed, and 

the compound has been provided to two patients with confirmed Ebola infection under 

compassionate use protocol.   A phase 2 study (PREVAIL IV) is currently enrolling and will 

evaluate the effect of 4b on viral shedding from sanctuary sites in Ebola survivors. 
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Discovery and Synthesis of GS-5734, a Phosphoramidate Prodrug of a Pyrrolo[2,1-

f][triazin-4-amino] Adenine C-Nucleoside for the Treatment of Ebola and Emerging 

Viruses 

 

Ebola Virus Disease (EVD) was first documented 40 years ago during an outbreak of infectious 

hemorrhagic fever in Northern Zaire (current Democratic Republic of Congo). More than 20 

intermittent outbreaks have occurred since then, but the most recent outbreak in West Africa 

spanning 2014-2016 has been the largest recorded in history and presented an international 

public health emergency.1  Over 28,000 cases were confirmed in Guinea, Liberia, and Sierra 

Leone resulting in >11,000 deaths including >500 healthcare workers, which severely strained 

the local medical infrastructure.2  In survivors, the Ebola virus (EBOV) can persist in bodily 

fluids for months after the onset of acute infection potentially leading to EVD-related sequelae 

and viral recrudescence.3  While rare, secondary transmission has been documented to occur 

through sexual intercourse implicating persistent virus in genital secretions.4  Despite the end of 

the current outbreak, the potential for equally devastating future outbreaks, together with the 

persistent virus observed in survivors makes the development of a safe, effective and readily 

available treatment option for EVD a high priority.  

 

EBOV, a member of the Filoviridae family, is a single-stranded, negative-sense, non-segmented 

RNA virus that is the causative agent of EVD.  Other filoviridae family members include 

Marburg, Sudan, and Bundibugyo viruses, which have all been responsible for outbreaks 

associated with high mortality rates in sub-Saharan Africa.5,6  Over the course of the recent West 

African EVD outbreak, several direct acting anti-Ebola agents including monoclonal antibodies 

(ZMapp™),7 interfering-RNAs (TKM-Ebola,8,9 AVI-753710), and small molecule 

nucleoside(tide) antivirals such as favipiravir (1),11-13 and brincidofovir (2)14 have been evaluated 

in early clinical trials (Figure 1).  More recently another nucleoside analogue, galidesivir (3, 

BCX4430), has entered clinical development.15 These developments are encouraging but to date, 

none of these potential therapeutics have established robust clinical efficacy for the treatment of 

acute infection or the viral persistence and sequelae.  Several vaccines have shown strong 

promise for preventing EBOV infection, but the breadth and durability of protection they can 

afford has yet to be established.16 
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Figure 1. Structures of antiviral nucleosides, nucleoside phosphonates and their prodrugs. 
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Prior to the Ebola outbreak, we had embarked on a strategic initiative aimed at evaluating the 

potential of nucleoside analogs for the treatment of selected emerging viruses.  A library of ~ 

1000 diverse nucleoside and nucleoside phosphonate analogs was harnessed from over two 

decades of research across multiple antiviral programs.  In collaboration with the Center for 

Disease Control and Prevention (CDC), and the United States Army Medical Research Institute 

of Infectious Diseases (USAMRIID), selected compounds from the library were screened against 

EBOV and identified parent 4 and a potent monophosphate prodrug mixture that contained the 

Sp isomer GS-5734 (4b).  This report describes in detail the structure activity relationships of the 

parent nucleoside, prodrug optimization and selection, and synthesis optimization of the 

development candidate 4b.  Candidate compound 4b is currently in phase 2 trials to assess the 

effect on the chronic shedding of virus in EVD survivors following promising efficacy data 

established in a non-human primate EVD challenge model.  These data have been recently 

reported17 and will be summarized along with the early clinical experience with 4b.  
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RESULTS AND DISCUSSION 

 

The assembly of the ~1000 compound nucleos(t)ide screening library was heavily focused 

toward ribose analogs that could target RNA viruses since this would encompass many emerging 

viral infections ranging from respiratory pathogens belonging to the coronaviridae family such 

as severe acute respiratory syndrome (SARS) / Middle East respiratory syndrome (MERS), to 

mosquito-borne viruses of the flaviviridae family such as Dengue and Zika.  Second, the library 

also contained selected monophosphate and nucleoside phosphonate prodrugs to capture analogs 

that may be missed in cellular screens due to either poor permeability or inefficient metabolism 

in the respective cell types that the different antiviral assays utilize.  Nucleoside analogs require 

activation by intracellular nucleoside/tide kinases to generate their respective triphosphate (TP) 

metabolites in order to then compete with endogenous natural nucleotide pools for incorporation 

into the replicating viral RNA.17 The first phosphorylation step to generate the nucleoside 

monophosphate, is often rate limiting so the application of monophosphate prodrugs, especially 

phosphoramidates (ProTidesTM) has been extensively explored in nucleoside analogs to bypass 

this initial phosphorylation step.18  A notable example includes the phosphoramidate prodrug 

Sofosbuvir (5) for the treatment of HCV.19  Nucleoside phosphonate analogs are bioisosteres of 

the monophosphates but also require prodrugs to enable masking of the charged phosphonate 

acid thereby allowing more efficient entry into cells. A recent example of an approved drug in 

this class is the phosphonamidate prodrug tenofovir alafenamide (6) for the treatment of HIV.20 

In both examples the amidate prodrugs effectively deliver high levels of triphosphate 

(diphosphophosphonate in the case of nucleoside phosphonates) inside the target cells and 

demonstrate significant improvements in potency compared to their respective parent 

nucleos(t)ides when screened in antiviral assays (Figure 1).20,21 

 

In the original library screening toward a panel of RNA viruses across different viral families 

promising leads were identified.  Subsequent to the EVD outbreak, some of these analogs were 

selected for EBOV testing in collaboration with the CDC and USAMRIID in a BSL-4 facility.  

From this screen nucleoside 422, a 1′-CN modified adenosine C-nucleoside discovered for HCV 

emerged with submicromolar activity towards EBOV in Human Lung Microvascular Endothelial 

Cells HMVEC cells (entry 2, Table 1). In addition, its phosphoramidate prodrug mixture 4a23 
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containing ~1:1 ratio of Sp (4b) (entry 3, Table 1) and Rp diastereoisomers was found to be very 

potent toward EBOV in both Hela and HMVEC cells.  Encouraged by these data, the anti-EBOV 

activity for a range of nucleoside analogs and their prodrugs was evaluated and the results are 

reported in Table 1, along with activity toward respiratory syncytial virus (RSV), from the 

pneumoviridae family, and HCV, from the flaviviridae family.  

 
Table 1. Structure Activity Relationships (SAR) of nucleoside parents and selected prodrugs. 
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Entry Compound 

EBOV EC50 

Hela cells 

(µM) 

EBOV EC50 

HMVEC cells3 

(µM) 

RSV EC50  

HEp-2 cells 

(µM) 

HCV 1b EC50 

Huh-7 cells 

(µM) 

CC50 

HEp-2 cells 

(µM) 

CC50 

Huh-7 cells 

(µM) 

CC50 

MT4 cells 

(µM) 

1 7 -- -- -- 0.0035 0.0382 0.15 <0.01 

2 4 >20 0.78 0.53 4.1 >100 >88 >57 

3 4a 0.17 0.12 0.027 0.0232 9.2 172 2.0 

4 8 -- >10 5.5 38 93 62 4.5 

5 9 -- -- >200 >88 >200 >88  120 

6 9a -- 3.9 1.1 6.9 >100 >44 >32 

7 10 -- 56 >100 >44 >100 >88 >53 

8 11 >50 >10 7.3 12 >100 >44 >57 

9 11a >20 -- 63 2.5 >100 >44 53 

10 12 -- -- >1001 >44 -- >44 322 

11 13 50 >10 >100 >44 >100 >44 >57 

12 13a 27 132 >50 0.37 >50 >44 1.4 

13 13b >20 40 >20 0.31 95 51 7.8 
196 well assay format. 2n=1 data only.  3HMVEC cells were TERT-immortalized human foreskin microvascular endothelial cells (ATCC-4025).  

 

The presence of the 1′-CN modification in 4 was found to be critical in providing selectivity 

toward viral polymerases and avoiding the significant toxicity (CC50<0.01 – 0.15 µM) associated 

with the unmodified C-nucleoside 7 (entry 1).24 The MT4 cell line was also used, as a sensitive 
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cell line to evaluate cytostatic effects of nucleoside analogs, and confirmed the poor selectivity 

of 7 observed in both the HEp-2 and Huh-7 cell lines.  The prodrug mixture 4a in addition to 

potent anti-EBOV activity, demonstrated significant activity toward RSV and HCV, with 

potencies similar or better than that for EBOV (EC50<120 nM). The broad and potent antiviral 

activity across all three viruses for 4a was further supported by the potent activity of the single 

Sp isomer 4b toward other emerging RNA viruses such as MERS and Junin viruses, and to a 

lesser extent Lassa.17 The 1′-methyl analog 8 (entry 4) was less active toward EBOV and also 

displayed a higher degree of toxicity compared to the 1′-CN analog, illustrating how small 

changes in the polarity and size of the 1′ substituent can impact the overall profile.  The 1′-

ethynyl analog 9 (entry 5)22 and its corresponding 2-ethylbutyl alanine prodrug 9a (entry 6) were 

both less active when compared to their respective 1′-CN counterparts.  Compound 4 is a C-

nucleoside analog which provides chemical and enzymatic stability toward deglycosylation 

reactions at the anomeric center.  However, alternate base modifications including N-nucleosides 

were also studied. Interestingly, the corresponding 1′-CN modified adenosine N-analog 10 (entry 

7)25 was significantly less active toward all viruses, whilst the 1′-CN modified N-nucleoside 

pyrimidine 11 (entry 8) retained some antiviral activity.26, 27 The phosphoramidate prodrug of 1′-

CN cytidine 11a (entry 9) did not improve the potency toward EBOV (in HeLa cell assay) 

presumably due to limitations in metabolism beyond the monophosphate.  In general, the 

potency trends of 1′ substitution and nucleobase changes were similar across EBOV, RSV and 

HCV which was in contrast to the trends uncovered with 2′ modifications.  The 2′-deoxy-2′-

fluorine analog 12 (entry 10) and the 2′-β-methyl analog 13 (entry 11) both lacked significant 

antiviral activity. However, the 2′-β-methyl phosphoramidate prodrugs, analogs 13a and 13b 

(entries 12 and 13) respectively, were both potent toward HCV, and only weakly active/inactive 

toward EBOV and RSV.  This result suggests that HCV polymerase is more able to 

accommodate the 2′-β-methyl group compared to the EBOV and RSV polymerases.  Taken 

together with the 1′ substitution and nucleobase SAR, the EBOV and RSV polymerases 

demonstrated similar activity trends, whilst HCV polymerase was differentiated in SAR at the 2′ 

position. 

 

To interrogate the cell based SAR more rigorously the active nucleoside triphosphate (NTP) 

metabolite e.g. 4-TP23 was tested toward the viral polymerases. The triphosphate 4-TP 
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demonstrated a half-maximal inhibitory concentration of 1.1 µM against the RSV RdRp and 5.0 

µM against HCV RdRp (Table 2).  The Ebola viral polymerase has to date evaded efforts toward 

its isolation and expression so the intrinsic activity of the active NTP metabolite cannot be 

directly evaluated.  An alternate method for estimating the inhibitory properties of an NTP for its 

viral target is to measure the NTP levels inside cells following incubation with the parent or 

prodrug compound at a given concentration, and then calculate the NTP levels at the EC50 

measured in the same cells.  In a continuous 72-h incubation of 1 µM 4b the 4-TP concentrations 

reached a Cmax of 300, 110, and 90 µM in macrophages, HMVEC, and Hela cells lines 

respectively. When correlated to the EVD EC50s in these respective cell types (Table 1) a half-

maximal inhibitory concentration of approximately 5 µM was calculated for the intracellular 

inhibition of EBOV polymerase. This is several-fold weaker than the potency toward RSV 

polymerase, but similar to HCV polymerase supporting the comparable antiviral EC50 data 

demonstrated for the prodrug mixture 4a across the three viruses when allowing for cell type 

differences (Table 1).  The selective inhibition of the viral polymerases versus host polymerases 

is considered a key factor in the development of a safe and effective nucleoside antiviral.28, 29 

Therefore the 4-TP was evaluated toward several host polymerases and was found to be a weak 

incorporator toward mtRNA Pol, and not a substrate for DNA pol γ, as would be expected given 

the presence of the ribose 2′ OH (Table 2).  Across the host RNA and DNA polymerases 

evaluated there was no inhibition up to 200 µM (Table 2) demonstrating a high degree of 

selectivity of 4-TP toward the viral polymerases.   

 
Table 2. Inhibition of the RSV and HCV RdRps and human host polymerases by 4-TP. 
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RSV RdRp 1.1 - 

HCV RdRp 5 - 

mtRNA Pol >200 6 
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RNA Pol II >200 - 

   

DNA Pol α >200 - 

DNA Pol β >200 - 

DNA Pol γ >200 0 
1SNI = Single Nucleotide Incorporation 
 

 

Molecular structure information is not available for the EBOV or RSV polymerases so modeling 

of the active sites was performed based on the published structures for HIV and HCV 

polymerases, together with an analysis of the respective sequences.30
    Within the modeled active 

site of EBOV polymerase the major difference between EBOV and RSV is Y636 (EBOV) 

compared to F704 (RSV) and the major difference between EBOV and HCV is E709 (EBOV) 

compared to S282 (HCV).31 On docking the triphosphate 4-TP, the 1′-CN group occupies a 

pocket formed by residues that are identical between EBOV and RSV, yet very different in HCV 

(Figure 2a).  Nevertheless the 1′-CN analog retains potency across these viruses.  Moreover, the 

1′-CN analog should retain its potency across a wide range of filovirus polymerases that could 

emerge in the future.  The 2′-β-H of 4-TP is in close proximity to E709 and replacement of this 

group with a 2′-β-methyl (compound 13 triphosphate) would be anticipated to interfere with 

E709 (Figure 2b).  However, the 2′-β-methyl can be accommodated by the larger pocket afforded 

by the smaller S282 residue of HCV (Figure 2c).  This suggests the lack of activity for 2′-β-

methyl analogs toward EBOV and RSV and retained potency toward HCV is likely due to steric 

constraints in the polymerase active site.  Consistent with the model, EBOV and RSV both have 

the E709 or equivalent residue, and compound 13 triphosphate was found to be significantly less 

active (IC50 >30 µM) toward RSV (data not shown). 

 

Figure 2. (a) Compound 4-TP (green stick) modeled into EBOV polymerase active site. 

Residue Y636 is highlighted in green surface, sits below the ribose, and corresponds to F704 in 

RSV. Residue E709 is highlighted in red surface, sits in proximity to the 2′-β-H position of the 

ribose, and corresponds to S282 in HCV; (b) compound 13-TP (green stick) modeled into the 

EBOV polymerase active site. The 2′-β-methyl overlaps with residue E709 highlighted in red.  

(c) Compound 13-TP modeled into the HCV polymerase active site. Residue S282 is highlighted 

in the yellow surface and the 2′-β-methyl can be accommodated. 
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The screening and modeling efforts established 4 as the best lead for prodrug optimization.  The 

ability to evaluate prodrugs, especially in vivo, required an efficient synthesis route for both the 

parent 4 and preferably single prodrug diastereoisomers. Neither was available at the outset so 

significant chemistry resources were applied to improve the robustness and scalability of the 

route along with generation of single diastereoisomers.  The first generation synthesis of 4 and 

the single Sp phosphoramidate prodrug 4b commenced with a glycosylation reaction via metal-

halogen exchange of the bromo-base 15 followed by addition into the ribolactone 14 (Scheme 1).  

Two conditions were identified to render this desired C-C bond formation.  The first condition 

(a) proceeded through addition of excess n-BuLi to a mixture of TMSCl and 15, which was 

designed to result in lithium-halogen exchange after removal of the acidic 6N protons by silyl 

protection.  Addition of this in situ generated reagent to the ribolactone 14 then afforded 16 in 

25% yield.23,33,34  The alternative conditions (b) employed sodium hydride and 1,2-

bis(chlorodimethylsilyl)ethane for the 6N protection step, followed by lithium-halogen 

exchange, and addition to the lactone to afford 16 in 60% yield.22,35 
 

Scheme 1. First generation synthesis of 4a.a 
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aReagents and conditions: (a) n-BuLi, TMSCl, THF, −78 °C, 25%; (b) 1,2-bis(chlorodimethylsilyl)ethane, NaH, n-

BuLi, THF, −78 °C, 60%; (c) TMSCN, BF3•Et2O, CH2Cl2, −78 °C, 58% (89:11β-17/α). (d) BCl3, CH2Cl2, −78 °C, 

74%. (e) 19, NMI, OP(OMe)3, 21%; (f) OP(OPh)Cl2, Et3N, CH2Cl2, 0 °C, 23%. 
 

The efficiency of both conditions was suboptimal as the yields were capricious and highly 

dependent on the cryogenic temperatures and the rate of n-BuLi addition required for the 

transformation.  Furthermore, premature quenching and reduction of lithio base was observed, 

which was rationalized to be a consequence of deprotonation alpha to the lactone under the 

highly basic conditions.  Compound 16 was isolated as a mixture of 1′-isomers which were taken 

into the subsequent 1′-cyanation reaction to isolate the major product, β-anomer 17, by 

chromatography.35   Following removal of the three benzyl protecting groups to afford 4, the 

diastereomeric mixture of the phosphoramidoyl chloridate prodrug moiety 19, was then coupled 

to provide 4a in 21% yield, as an ~1:1 diastereomeric mixture.23  The two diastereomers were 

resolved using chiral HPLC to afford the Sp isomer 4b and Rp isomer 4c respectively.36  While 

this route initially provided quantities of 4b the variability in yields, suboptimal selectivity, 

frequent use of cryogenic temperatures, and chiral chromatography, hindered this route from 

being suited to larger scales. 
 

Scheme 2. Second generation synthesis of 4b.a 
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CH2Cl2, −78  °C, 85%; (c) BCl3, CH2Cl2, −20 °C, 86%; (d) 2,2-dimethoxypropane, H2SO4, acetone, rt, 90%; (e) 

MgCl2, (i-Pr)2NEt, MeCN, 50 °C, 70%; (f) 37% HCl, THF, rt, 69%. (g) OP(OPh)Cl2, Et3N, CH2Cl2, −78 °C, then 4-

nitrophenol, Et3N, 0 °C, 80%; (h) i-Pr2O, 39%. 

 

The second generation route enabled the diastereoselective synthesis of the single Sp 

isomer 4b on scales suitable to advance the compound into preclinical efficacy and toxicity 

studies (Scheme 2).17 The glycosylation step employed the iodo-base 20 instead of the bromo 

base which enabled a more facile metal-halogen exchange compatible with i-PrMgCl•LiCl 

complex.37  Treatment with PhMgCl and TMSCl provided 6N protection to remove the acidic 

protons with a higher degree of control, and addition of i-PrMgCl•LiCl followed by the 

ribolactone 14 at −20 °C afforded the glycosylation product 16 in a 40% yield.  The milder 

reagents and temperature enabled large-scale batches to be carried out with consistent yields.  

Treatment of 16 with TMSCN, TMSOTf, and TfOH at −78 °C afforded 17 in 85% yield in >95:5 

anomeric ratio.  The inclusion of TfOH was key to promote the high yield and high selectivity 

favoring the desired β-anomer.  Benzyl deprotection was effected through treatment with BCl3 

and 4 was readily isolated through crystallization.  Acetonide protection of the 2′,3′-hydroxyl 

moeities with 2,2-dimethoxypropane in the presence of H2SO4 afforded 21 in 90% yield.  

Utilizing the 2′,3′-acetonide protection was found to be optimal as the yield of  the coupling 

reaction with the p-nitrophenolate 2-ethylbutyl-L-alaninate prodrug mixture 22a was 

dramatically improved compared to directly coupling to the unprotected nucleoside 4 (70% vs 

40%).  In the event, reaction of 21 with the single Sp isomer of the p-nitrophenolate prodrug 

precursor 22b in the presence of MgCl2 and Hunig’s base efficiently appended the prodrug group 
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in 70% yield as a single Sp isomer.  Final deprotection of the acetonide with concentrated HCl in 

THF afforded 4b in 69% yield.  

The single Sp isomer 22b of the p-nitrophenolate 2-ethylbutyl-L-alaninate prodrug 

precursor 22a was prepared through a sequence beginning with exposure of 2-ethylbutyl-L-

alanine 18 with OP(OPh)Cl2 followed by 4-nitrophenol to the diastereomeric mixture at 

phosphorus, 22a.  Importantly, the single Sp isomer 22b was readily resolved from the mixture in 

39% yield through crystallization in diisopropyl ether, a discovery that was paramount for the 

success of the diastereoselective synthesis of the 4b.38 Thus, utilizing the p-nitrophenolate 2-

ethylbutyl-L-alaninate prodrug coupling partner 22b offered a significant advantage over the 

chloridate 19 in the first generation sequence. Overall the second generation synthesis of 4b 

offered the following improvements: (1) milder glycosylation conditions at higher temperature to 

allow for consistent yields and scalability, (2) higher selectivity and yield for the 1′-cyanation 

reaction, and (3) a highly efficient coupling sequence of a single Sp prodrug moiety for the 

diastereoselective synthesis of 4b.  Through this second generation route >200g was rapidly 

prepared to support preclinical efficacy and toxicity studies. 

The stereochemistry of the p-nitrophenolate 2-ethylbutyl-L-alaninate prodrug 22b and 

candidate compound 4b were unambiguously assigned by small molecule X-Ray crystallography 

(Figure 3). In both cases the Sp isomer was established and suggests that the coupling with the 

nucleoside and reagent follows a SN2 type inversion of the phosphorus stereocenter. 

 

Figure 3. Thermal ellipsoid representations of (a) 22b and (b) 4b. 

 

 

(a) (b) 

 

The improved method for preparing 4 enabled many monophosphoramidate (ProTideTM) and 

bisphosphoramide prodrug analogues to be synthesized, the results of which are summarized in 
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Scheme 3.  A number of conditions were identified to affect the coupling of the prodrug moieties 

to 4 or the 2′,3′-acetonide protected analogue 21.  The reactions employing 4 proceeded under 

either Brønsted basic conditions utilizing t-BuMgCl or Lewis acidic conditions with MgCl2 in 

polar aprotic solvents to afford the desired prodrugs 4d-n in yields ranging from 24-43%.  The 

coupling reaction of the 2′,3′-acetonide protected analogue 21 under lewis acidic conditions 

followed by in-situ acetonide deprotection in general afforded much higher yields ranging from 

60-70% (analogue 4b and 4o).  Both the para-nitrophenol (PNP) and penta-fluorophenol (PFP) 

prodrug electrophiles were compatible in the coupling reactions and achieved comparable yields.  

The reactions utilizing a ~1:1 diastereomeric mixture of the prodrug electrophiles, 22a, d-i, k-m 

provided the prodrug products in 1.5-2.6 to 1 diastereomeric ratios at phosphorus. In addition to 

the monophosphoramidate prodrugs, two bisphosphoramide prodrugs 4p and 4q were 

synthesized and evaluated since they avoided the preparation of chiral phosphorus reagents. 

 
Scheme 3. Prodrug Synthesis. 
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Prodrug1             X_______ 
Ester R         AA2 LG3 Coupling 

Partner Conditions Product Yield Isomer Ratio 

22a 2-EtBu L-Ala PNP 4 t-BuMgCl, THF, DMF, rt 4a 43% 2.5 : 1 

22b4 2-EtBu L-Ala PNP 21 MgCl2, (i-Pr)2NEt, THF, 50 °C; conc. HCl, 0 °C 4b 69% Sp Isomer 

22d Et L-Phe PNP 4 t-BuMgCl, THF, DMF, rt 4d 34% 2.6 : 1 
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22e Et L-Val PNP 4 t-BuMgCl, THF, NMP, rt 4e 43% 1.8 : 1 

22f Et AIB PNP 4 t-BuMgCl, THF, NMP, 50 °C 4f 25% 1.5 : 1 

22g Et L-Ala PNP 4 t-BuMgCl, THF, NMP, rt 4g 24% 2.5 :1 

22h CH2c-Pr L-Ala PNP 4 MgCl2, (i-Pr)2NEt, DMF, 50 °C 4h 38% 1.9 : 1 

22i c-Bu L-Ala PNP 4 MgCl2, (i-Pr)2NEt, DMF, 50 °C 4i 37% 3 : 2 

22j4 i-Pr L-Ala PNP 4 t-BuMgCl, THF, NMP, 50 °C 4j 38% Sp Isomer 

22k t-Bu L-Ala PNP 4 MgCl2, (i-Pr)2NEt, DMF, 50 °C 4k 32% 1.5 : 1 

22l CH2c-Bu L-Ala PNP 4 t-BuMgCl, THF, DMF, rt 4l 36% 1.7 : 1 

22m 3-Pent L-Ala PNP 4 MgCl2, (i-Pr)2NEt, DMF, 50 °C 4m 42% 1.5 : 1 

22n5 c-Pent L-Ala PFP 4 t-BuMgCl, THF, DMF, rt 4n 43% 27 : 1 

22o 2-EtBu D-Ala PNP 21 MgCl2, (i-Pr)2NEt, THF, 50 °C; conc. HCl, 0 °C 4o 66% 1.1 : 1 

18b Et L-Ala NA 4 POCl3, PO(OMe)3, Et3N, rt 4p 16% NA 

18a 2-EtBu L-Ala NA 4 POCl3, PO(OMe)3, Et3N, rt 4q 58% NA 
1 Prodrug is an undetermined mixture of diastereoisomers unless otherwise indicated, 2 AA = amino acid, 3 LG = Leaving Group, 4Single Sp 

isomers, 5Reagent was predominantly  a single unassigned isomer at phosphorus, Ala = Alanine, Phe = Phenylalanine,  AIB = 2-

aminoisobutyrate, Et = ethyl, cPr  = cyclopropyl, cBu = cyclobutyl, cPent = cyclopentyl, Pent = pentyl, iPr = isopropyl, tBu = tert butyl, 2-EtBu = 

2-ethylbutyl, PNP = para-nitrophenolate, PFP = pentafluorophenolate, rt = room temperature. 

 

The monophosphate prodrugs can improve the potency of the parent nucleosides substantially by 

delivering the monophosphate into cells and effectively bypassing a rate limiting first 

phosphorylation step. The phenol and amino acid esters mask the negative charge of the mono-

phosphate group enabling facile passive penetration into the cell.  The prodrug breakdown is 

initiated by intracellular esterases (e.g. carboxy esterase 1, cathepsin A) that cleave the ester 

unraveling the carboxylate moiety, which then continues to breakdown to the monophosphate 

that serves as the prescursor to synthesis of the intracellular NTP.17 

Prodrugs 4a-q were evaluated toward EBOV in three cell lines and for stability properties 

in human plasma (Table 3).  In general the antiviral activity trends for EBOV across all three cell 

lines were similar supporting the efficient conversion of these prodrugs across multiple different 

cell types.  A series of ethyl esters with differing amino acids (entries 2-5), established the 

phenylalanine and alanine amino acids were the most promising but the potency improvements 

were modest compared to parent 4 (Table 1).  Evaluation of different esters of alanine with 

increasing lipophilicity (log D) ranging from 0.6 to 2.1 (entries 5-13) demonstrated increased 

potency as lipophilicity increased, unless the ester contained proximal branching e,g, iPr entry 8, 

tBu entry 9, or 3-pentyl entry 11.  In these proximally branched examples the increased steric 

hindrance is presumed to slow down the cleavage rate by esterases. Cyclic esters e.g. cBu (entry 

7) and cPent (entry 12) are however more potent despite the proximal branching. Given the 
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intended route of administration was intravenous, increasing lipophiliity beyond log D~2 was not 

explored due to solubility concerns.  The D-Ala 2-EtBu mixture (entry 16) was less potent that 

the corresponding L-Ala analog (entry 13) and the two bisphosphoramide prodrugs (entries 17 

and 18) also had reduced activity compared to their monoamidate counterparts (entries 5 and 13 

respectively). Thus, based on antiviral properties across HeLa and HMVEC cells, the most 

promising initial monophosphoramidate prodrug mixtures were the CH2cBu 41 and 2-EtBu 4a 

esters (entries 10 and 13). The Sp and Rp isomers of 4a (entries 14 and 15 respectively) were 

separated and found to be similar in potency.  For the intended i.v. route of administration, 

plasma stability was not deemed critical in the selection process provided sufficient stability (t½ 

> 60 min) was maintained to allow loading of target cells harboring the virus during drug 

infusion.  A key driver for the selection of 4b as oppose to 4c or the 4l isomers was the 

crystalline nature of the Sp prodrug reagent 22b that allowed rapid scale up for efficacy and IND 

enabling studies of the single Sp isomer 4b.   
 

Table 3. Antiviral activity of prodrugs 4a-q. 

Entry Compound Ester AA1 

EBOV 
EC50 
HeLa  
(nM) 

EBOV  
EC50 

HMVEC2  
(nM) 

EBOV 
EC50 

Macro3  
(nM) 

CC50 
MT4 
(µM) 

Human 
Plasma 

t1/2 
(min) 

LogD 

1 4 - - >20000 780 >20000 >57 - 0.3 

2 4d Et L-Phe 4380 587 270 15 1584 1.6 

3 4e Et L-Val 7040 3151 - >100 1584 1.2 

4 4f Et AIB 8470 1585 - >100 1584 0.9 

5 4g Et L-Ala 2425 636 - 13 1584 0.6 

6 4h CH2cPr L-Ala 570 306 - 5 249 1.0 

7 4i cBu L-Ala 420 88 - 6 815 1.1 

8 4j iPr L-Ala 1845 367 297 21 1561 1.1 

9 4k tBu L-Ala 30410 3790 - >100 1584 1.3 

12 4n c-Pent L-Ala 633 160 120 8.8 1578 1.3 

10 4l CH2cBu L-Ala 160 72 - 3 220 1.5 

11 4m 3-Pent L-Ala 1810 845 - >100 860 1.6 

13 4a 2-EtBu L-Ala 170 121 100 2 195 2.1 

14 4c 2-EtBu L-Ala 80 53 111 3 234 2.0 

15 4b 2-EtBu L-Ala 100 53 86 2 69 2.1 

16 4o 2-EtBu D-Ala 550 518 729 42 1584 2.1 

17 4p Et L-Ala 20420 9102 - >53  <0.3 

18 4q 2-EtBu L-Ala 970 678 - 9 507 2.7 
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1 AA = Amino Acid,  2HMVEC = TERT-immortalized human foreskin microvascular endothelial cells (ATCC-4025), 3Macro =  human 

macrophages. Ala = Alanine, Phe = Phenylalanine,  AIB = 2-aminoisobutyrate, Et = ethyl, cPr  = cyclopropyl, cBu = cyclobutyl, cPent = 

cyclopentyl, Pent = pentyl, iPr = isopropyl, tBu = tert butyl, 2-EtBu = 2-ethylbutyl 

 

In vivo efficacy evaluation of 4b was conducted in monkeys since this represented the 

most relevant animal model of EVD with similar pathophysiology to the actual human disease. 

In addition, phosphoramidate esters are highly prone to plasma metabolism in rodents on account 

of high expression of plasma carboxylesterases39 thereby excluding pilot efficacy studies in small 

animal models. Due to the high first pass hepatic extraction of phosphoramidates, oral 

administration was also not explored in favor of injectable routes of administration.  Moreover, 

oral delivery in patients acutely infected with EBOV that are demonstrating symptoms of the 

disease may not be ideal because gasterointestinal symptoms may limit the dose that is 

effectively absorbed.  Intravenous administration of 4b in rhesus monkeys demonstrated rapid 

elimination of prodrug and appearance of parent nucleoside in systemic circulation. However 4b 

also rapidly distributed to peripheral blood mononuclear cells (PBMCs) and triphosphate levels 

in PBMCs were elevated to a maximum within 2h.  A dose of 10 mg/kg resulted in an estimated 

PBMC triphosphate level at 24 h that was several fold higher than the estimated IC50 of 5 µM for 

EBOV, with a half-life of 14h similar to that measured in vitro in human macrophages. The long 

intracellular half-life of 4-TP supported once daily i.v. administration in the rhesus efficacy 

study and in the clinical development program.    

Establishment of preclinical in vivo efficacy for 4b was conducted in a EBOV-infected 

rhesus challenge model with dose levels up to 10 mg/kg i.v., initiated at different times post 

infection. These studies have recently been published in full and will only be summarized.17  In 

the first part of the study, 4b was dosed i.v. at 3 mk/kg on day 0 or day 2 relative to EBOV 

inoculation, and continued once daily for 12 days. Systemic viremia was reduced and survival 

out to day 28 post infection was improved. Animals administered 3 mg/kg 4b starting at day 0, 

had a survival rate of 33% whilst those initiated on day 3 had a 66% survival at 28 days.  This 

encouraging data was then followed with a second study in which one arm explored dosing 

initiation on day 3 with 10 mg/kg daily for 12 days, and two other arms explored an initial 

loading dose of 10 mg/kg on day 2 or day 3, followed by eleven 3 mg/kg daily maintenance 

doses.  All the animals in the two arms beginning on day 3 (n=12 total) survived through day 28, 

the end of study.  In the daily 10 mg/kg dosed group the effect on viremia was consistently 
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greater than in any of the other groups and was below the limit of detection (8 x 10e4 RNA 

copies ml-1) in 4 of the 6 animals on days 5 and 7 relative to the vehicle-treated control where 

the geometric mean exceeded 10e9 copies ml-1 at these time points.  This data established the 

effectiveness of 4b in treatment of EVD in NHPs and accelerated its progress into clinical 

development. In addition to the efficacy studies, distribution studies in cynomolgus monkeys 

using [14C]GS-5734 at the same effective dose of 10 mg/kg established the presence of drug 

related products in the potential sanctuary sites for the virus including testes, epididymis, eyes 

and brain.  These data supported the potential that 4b treatment may also reduce virus replication 

in these sanctuary sites. 

Safety and pharmacokinetics of 4b administered as once-daily i.v. infusion were 

evaluated in single and multiple dose phase 1 clinical trials. No serious adverse effects of the 

drug were observed.  During the course of the phase 1 studies two requests for a compassionate 

use of 4b were received. The first case involved a healthcare worker who had survived acute 

infection but had relapsed with symptoms of acute meningoencephalytis.40 Ebola virus was 

detected both systemically in plasma and in cerebrospinal fluid. When treated with monoclonal 

antibodies, the patient developed adverse reaction and was subsequently treated with supportive 

therapy and 4b for a period of 14 days beginning with a dose of 150 mg and then increasing to 

225 mg after 2 daily infusions.  No serious adverse effects related to drug were observed. The 

patient recovered and cleared the virus from both plasma and CNS although without proper 

control or natural history data to compare, it is not clear whether the antiviral therapy was 

effective.  The second case involved newborn infant congenitally infected with EBOV and 

treated with ZMapp, blood transfusion and subsequently 4b.41  The infant recovered and was 

eventually declared free of Ebola virus after repeated testing failed to detect viremia.  The 

unprecedented scale of the West African epidemic and the ability to reduce mortality rates 

through supportive therapy has resulted in many Ebola survivors of Ebola virus disease.  The 

persistence of virus sequelae in survivors in multiple body compartments has now been 

documented in addition to secondary sexual transmission via virus in genital secretions.4  This 

has prompted the initiation of randomized, blinded, placebo-controlled phase 2 study (PREVAIL 

IV) which plans to enroll at least 60 adult male survivors to receive either 100 mg 4b or placebo 

once-daily over 5 days to assess the effect of 4b therapy on the viral shedding in semen.42 The 

TR-17-031  DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

UNCLASSIFIED



results of this study could provide the first evidence as to the potential of 4b to reduce virus 

replication in humans. 

 

SUMMARY 

The recent Ebola outbreak prompted the urgent need for antiviral therapeutics for the treatment 

of Ebola. We identified a promising nucleotide therapeutic 4b through initial screening and 

subsequent optimization of the prodrug moiety for i.v. administration.  The partnership with 

government organizations, including CDC and USAMRIID, that generated the screening data 

and conducted the rhesus efficacy studies was critical to the successful identification of 4b. Also 

of importance was the significant chemistry effort that rapidly identified a more efficient route to 

the parent compound 4 and the ability to prepare, through crystallization of a key reagent, the 

single Sp phosphorus diastereoisomer 4b for in vivo model studies. The active triphosphate 

delivered by the prodrug has low micromolar polymerase activity toward EBOV, high selectivity 

for the viral polymerase compared to host polymerases, and a long intracellular half-life 

supporting QD administration.  Parenteral treatment with 4b in Ebola infected NHPs at 10 mg/kg 

over 12 days demonstrated a substantial antiviral effect along with 100% survival. Based on its 

promising potential, and preliminary safety data from phase 1 studies, regulatory authorities 

approved the compassionate use of 4b in two cases including an newborn infant withEVD.  

Further clinical data on 4b is being collected in the phase 2 PREVAIL IV study that aims to 

assess the ability of 4b to reduce Ebola virus replication in sanctuary sites of survivors.    
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Experimental Section 

All organic compounds were synthesized at Gilead Sciences, Inc (Foster City, CA) unless 

otherwise noted.  Commercially available solvents and reagents were used as received without 

further purification.  Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 

Mercury Plus 400 MHz at room temperature, with tetramethylsilane as an internal standard.  

Proton nuclear magnetic resonance spectra are reported in parts per million (ppm) on the δ scale 

and are referenced from the residual protium in the NMR solvent (chloroform-d1: δ 7.26, 

methanol-d4: δ 3.31, DMSO-d6: δ 2.50). Data is reported as follows: chemical shift [multiplicity 

(s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sep = septet, m = multiplet, br = 

broad, app = apparent), coupling constants (J) in Hertz, integration.  Carbon-13 nuclear magnetic 

resonance spectra are reported in parts per million on the δ scale and are referenced from the 

carbon resonances of the solvent (chloroform-d1: δ 77.16, methanol-d4: δ 49.15, DMSO-d6: δ 

39.52). Data is reported as follows: chemical shift.  No special nomenclature is used for 

equivalent carbons.  Phosphorus-31 nuclear magnetic resonance spectra are reported in parts per 

million on the δ scale. Data is reported as follows: chemical shift [multiplicity (s = singlet, d = 

doublet, t = triplet), coupling constants (J) in Hertz. No special nomenclature is used for 

equivalent phosphorus resonances.  Analytical thin–layer chromatography was performed using 

Merck KGaA Silica gel 60 F254 glassplates with UV visualization. Preparative normal phase 

silica gel chromatography was carried out using a Teledyne ISCO CombiFlash Companion 

instrument with silica gel cartridges.  Purities of the final compounds were determined by high-

performance liquid chromatography (HPLC) and were greater than 95% unless otherwise noted.  

HPLC conditions to assess purity were as follows: Agilent 1100 Series HPLC, Phenominex 

Kinetex C18, 2.6 µm 100Å, 100 × 4.6 mm column; 2-98% gradient of 0.1% trifluoroacetic acid 

in water and 0.1% trifluoroacetic acid in acetonitrile; flow rate, 1.5 mL/min; acquisition time, 8.5 

min; wavelength, UV 214 and 254 nm.  High-resolution mass spectrometry (HRMS) was 

performed on an Agilent model 6230 Accurate Mass Time of Flight Mass Spectrometer featuring 

Agilent Jet Stream Thermal Focusing Technology, with an Agilent 1200 Rapid Resolution 

HPLC. HRMS chromatography was performed using an Agilent Zorbax Eclipse Plus C18 

RRHD 1.8 µm, 2.1 × 50 mm column at 30 °C, with a 10-90% gradient of 0.05% trifluoroacetic 

acid in water and 0.05% trifluoroacetic acid in acetonitrile.  LC/MS was conducted on a Thermo 
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Finnigan MSQ Std using electrospray positive and negative [M + 1]+ and [M – 1]– , and a Dionex 

Summit HPLC System (model: P680A HPG) equipped with a Gemini 5 u C18 110A column (30 

mm × 4.60 mm), eluting with 0.05% formic acid in 1% acetonitrile/waterand 0.05% formic acid 

in 99% acetonitrile/water. 

 

The synthesis, characterization data, and associated references for the following compounds are 

provided in supporting information: 4, 4a, 7-11, 11a, 12-13, 13a, 13b, 4-TP, 13-TP, 18a-b, 19, 

21, and 22a-o. 

 

(S)-2-ethylbutyl 2-(((S)-(((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-

cyano-3,4-dihydroxytetrahydrofuran-2-

yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (4b).  

Compound 4b was prepared from 4 and 22b as described previously.17 

1H-NMR (400 MHz, methanol-d4): δ 7.86 (s, 1H), 7.33 – 7.26 (m, 2H), 7.21 – 7.12 (m, 3H), 6.91 

(d, J = 4.6 Hz, 1H), 6.87 (d, J = 4.6 Hz, 1H), 4.79 (d, J = 5.4 Hz, 1H), 4.43 – 4.34 (m, 2H), 4.28 

(ddd, J = 10.3, 5.9, 4.2 Hz, 1H), 4.17 (t, J = 5.6 Hz, 1H), 4.02 (dd, J = 10.9, 5.8 Hz, 1H), 3.96 – 

3.85 (m, 2H), 1.49 – 1.41 (m, 1H), 1.35 – 1.27 (m, 8H), 0.85 (t, J = 7.4 Hz, 6H).  13C-NMR (100 

MHz, methanol-d4): δ 174.98, 174.92, 157.18, 152.14, 152.07, 148.27, 130.68, 126.04, 125.51, 

121.33, 121.28, 117.90, 117.58, 112.29, 102.60, 84.31, 84.22, 81.26, 75.63, 71.63, 68.10, 67.17, 

67.12, 51.46, 41.65, 24.19, 20.56, 20.50, 11.33, 11.28.; 31P-NMR (162 MHz, methanol-d4): δ 

3.66 (s); HRMS (m/z): [M]+ calcd for C27H35N6O8P, 602.2254; found, 602.2274. 

(S)-2-ethylbutyl 2-(((R)-(((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-

cyano-3,4-dihydroxytetrahydrofuran-2-

yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (4c). 

 

Compound 4c was prepared from 4a by chiral chromatography. 4a was dissolved in acetonitrile. 

The resulting solution was loaded onto Lux Cellulose-2 chiral column, equilibrated in 

acetonitrile, and eluted with isocratic acetonitrile/methanol (95:5 vol/vol). The first eluting 
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compound was the Rp diastereomer 4c, and the second eluting compound was the Sp 

diastereomer 4b. 

1HNMR (400 MHz, methanol-d4) δ 8.05 (s, 1H), 7.36 (d, J = 4.8 Hz, 1H), 7.29 (br t, J = 7.8 Hz, 

2H), 7.19 – 7.13 (m, 3H), 7.11 (d, J = 4.8 Hz, 1H), 4.73 (d, J = 5.2 Hz, 1H), 4.48 – 4.38 (m, 2H), 

4.37 – 4.28 (m, 1H), 4.17 (t, J = 5.6 Hz, 1H), 4.08 – 3.94 (m, 2H), 3.94 – 3.80 (m, 1H), 1.48 

(sep, J = 12.0, 6.1 Hz, 1H), 1.34 (p, J = 7.3 Hz, 4H), 1.29 (d, J = 7.2 Hz, 3H), 0.87 (t, J = 7.4 Hz, 

6H).  31PNMR (162 MHz, methanol-d4) δ 3.71 (s). MS m/z 603.1 [M+1].    
 

(2S)-ethyl-2-(((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)-3-

phenylpropanoate (4d). 

Compound 4 (0.030 g, 0.103 mmol) was dissolved in DMF (1 mL) and then THF (0.5 mL) was 

added. t-BuMgCl (1M/THF, 154.5 μL, 0.154 μmol) was added to the reaction in a drop-wise 

manner with vigorous stirring.  The resulting white slurry was stirred at rt for about 30 min. A 

solution of compound 22d (0.058 g, 0.124 mmol) in THF (1 mL) was added in a drop-wise 

manner to the reaction at rt. The reaction progress was monitored by LC/MS. When the reaction 

progressed to 50% conversion, the reaction was cooled in an ice bath and quenched with glacial 

acetic acid (70 μL). The reaction was concentrated and the crude residue was purified by reverse 

phase preparatory HPLC to afford compound 4d (22 mg, 34%, as a 2.6:1 mixture of 

diastereomers at phosphorus).  1H NMR (400 MHz, DMSO-d6) δ 7.91 (d, J = 4 Hz, 1H), 7.90 (br 

s, 2H), 7.09-7.30 (m, 8H), 7.01, (t, J = 8.2 Hz, 2H), 6.89 (d, J = 4.4 Hz, 1H), 6.82 (t, J = 4.4 Hz, 

1H), 6.27 (m, 1H), 6.14 (m, 1H), 5.34 (m, 1H), 4.62 (t, J = 5.6 Hz, 1H), 4.15 (m, 1H), 3.78-4.01 

(m, 6H), 2.92 (m, 1H), 2.78 (m, 1H), 1.04 (m, 3H).  31P NMR (162 MHz, DMSO-d6) δ 3.69 (s), 

3.34 (s).  MS m/z = 623.0 [M+1]. 

(2S)-ethyl-2-(((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)-3-methylbutanoate 

(4e). 

Compound 4 (0.040 g, 0.14 mmol) was dissolved in NMP (1.5 mL) and then THF (0.25 mL) was 

added. This solution was cooled in an ice bath and t-BuMgCl (1M/THF, 425.7 μL, 0.426 μmol) 
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was added in a drop-wise manner with vigorous stirring. The ice bath was removed and the 

resulting white slurry was stirred at rt for about 15 min. A solution of compound 22e (0.081 g, 

0.192 mmol) in THF (0.5 mL) was added in a drop-wise manner to the reaction at rt. The 

reaction progress was monitored by LC/MS. When the reaction progressed to 50% conversion, 

the reaction was cooled in an ice bath and quenched with glacial acetic acid (70 μL). The 

reaction was concentrated and crude residue was semi-purified from the residue by reverse phase 

HPLC.  The semi-pure material was further purified by silica gel column chromatography 

(eluent: 100% EtOAc ramping to 10% MeOH in EtOAc) to afford compound 4e (0.034 g, 43% 

as a 1.8:1 mixture of diastereomers).  1H NMR (400 MHz, DMSO-d6) δ 7.91 (d, J = 1.6 Hz, 1H), 

7.88 (br s, 2H), 7.32 (m, 2H), 7.15 (m, 3H), 6.90 (t, J = 4.2 Hz, 1H), 6.84 (d, J = 4.8 Hz, 1H), 

6.26 (dd, J = 13.4, 6.2 Hz, 1H), 5.87 (q, J = 11.2 Hz, 1H), 5.35 (m, 1H), 4.64 (m, 1H), 4.25 (m, 

2H), 3.93-4.15 (m, 4H), 3.45 (m, 1H), 1.87 (m, 1H), 1.09-1.16 (m, 3H), 0.70-0.83 (m ,6H).  31P 

NMR (162 MHz, DMSO-d6) δ 4.59 (s), 4.47 (s).  MS m/z = 575.02 [M+1]. 

 

Ethyl 2-(((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)-2-

methylpropanoate (4f). 

Compound 4 (66 mg, 0.23 mmol) was dissolved in NMP (2.0 mL) and the mixture was cooled to 

about 0 °C.  t-BuMgCl (1.0M in THF, 0.34 mL, 0.34 mmol) was then added and the resulting 

mixture was stirred at 0 °C for about 30 min. A solution of compound 22f (139 mg, 0.34 mmol) 

in THF (1.0 mL) was then added, and the reaction mixture was heated to about 50 °C.  After 

about 2 h, the reaction was cooled to rt and quenched with acetic acid and methanol.  The 

resulting mixture was concentrated under reduced pressure and purified by preparatory reverse 

phase HPLC to afford compound 4f (32 mg, 25% as a 1.5:1 mixture of diastereomers).  1H NMR 

(400 MHz, DMSO-d6) δ 7.89 (m, 3H), 7.31 (q, J = 8.1 Hz, 2H), 7.22 – 7.05 (m, 3H), 6.87 (d, J = 

4.5, 1H), 6.80 (d, J = 4.5 Hz, 1H), 6.27 (d, J = 11.7, 1H), 5.81 (d, J = 9.7, 1H), 5.35 (d, J = 5.6 

Hz, 1H), 4.64 (dt, J = 9.0, 5.6 Hz, 1H), 4.24 (m, 2H), 4.11 (m, 1H), 4.04 – 3.90 (m, 3H), 1.39 – 

1.23 (m, 6H), 1.10 (t, J = 7.1, 3H).  31P NMR (162 MHz, DMSO-d6) δ 2.45, 2.41.  MS m/z = 

561.03 [M+1]. 
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Ethyl ((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate (4g). 

Compound 4 (50 mg, 0.17 mmol) was dissolved in NMP-THF (1:1 mL)) and cooled with ice 

bath.  t-BuMgCl (1.0M in THF, 0.257 mL, 0.257 mmol) was then added over about 5 min.  The 

resulting mixture was allowed to warm to rt and was stirred for about 30 min.  Then a solution of 

compound 22g (74.6 mg, 0.189 mmol) in THF (2 mL) was added. After about 30 min, the 

reaction mixture was purified by preparatory reverse phase HPLC.  Fractions containing the 

desired product were further purified with silica gel chromatography (eluent: 0-20% methanol in 

dichloromethane) to afford compound 4g (23 mg, 24% as a 2.5:1 mixture of diastereomers).  1H 

NMR (400 MHz, methanol-d4) δ 7.76 (d, J = 6.0 Hz, 1H), 7.25 – 7.14 (m, 2H), 7.11 – 6.99 (m, 

3H), 6.87 – 6.72 (m, 2H), 4.70 (d, J = 5.4 Hz, 1H), 4.39 – 4.24 (m, 2H), 4.20 (dddd, J = 9.7, 7.9, 

5.1, 2.8 Hz, 1H), 4.10 (dt, J = 12.8, 5.5 Hz, 1H), 4.06 – 3.91 (m, 2H), 3.72 (ddq, J = 14.3, 9.3, 

7.1 Hz, 1H), 1.17 (dd, J = 7.1, 1.0 Hz, 1H), 1.14 – 1.06 (m, 5H).  31P NMR (162 MHz, methanol-

d4) δ 3.73, 3.68.  MS m/z = 547 [M+1]. 

 

Cyclopropylmethyl ((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-

3,4-dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate (4h). 

To a mixture of compound 4 (60 mg, 0.21 mmol), compound 22h (120 mg, 0.29 mmol), and 

MgCl2 (29 mg, 0.31 mmol) in DMF (4 mL) was added N,N-diisopropylethylamine (0.09 mL, 

0.52 mmol) dropwise at rt.  The resulting mixture was stirred at 50 °C for 1h.  The resulting 

mixture was concentrated under reduced pressure and the crude residue was purified by 

preparative reverse phase HPLC to afford compound 4h (45 mg, 38%, 1:1.9 diastereomeric 

mixture).  1H NMR (400 MHz, methanol-d4) δ 7.85 (m, 1H), 7.28 (m, 2H), 7.24 – 7.10 (m, 3H), 

6.99 – 6.80 (m, 2H), 4.79 (m , 1H), 4.50 – 4.23 (m, 3H), 4.25 – 4.13 (m, 1H), 3.97 – 3.74 (m, 

3H), 1.26 (m, 3H), 1.08 (m, 1H), 0.50 (m, 2H), 0.24 (m, 2H).  31P NMR (162 MHz, methanol-d4) 

δ 3.74, 3.62. MS m/z 573 [M+1]. 

 

(2S)-cyclobutyl 2-(((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (4i). 

Compound 4 (58 mg, 0.20 mmol) was mixed with compound 22i (101 mg, 0.240 mmol) in 2 mL 

of anhydrous DMF.  Magnesium chloride (42 mg, 0.44 mmol) was added in one portion. The 
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reaction mixture was heated to about 50 °C.  N,N-Diisopropylethylamine (87 µL, 0.5 mmol) was 

added, and the reaction was stirred for about 2 h at about 50 °C.  The reaction mixture was 

cooled to room temperature, was diluted with ethyl acetate and was washed with 5% aqueous 

citric acid solution followed by saturated aqueous sodium chloride solution.  The organic layer 

was then dried over anhydrous sodium sulfate and concentrated under reduced pressure. The 

crude residue was purified with silica gel column (eluent: 0-5% methanol in dichloromethane) to 

afford compound 4i (42 mg, 37% yield, as a 3:2 mixture of diastereomers).  1H NMR (400 MHz, 

methanol-d4) δ 7.85 (m, 1H), 7.34 – 7.22 (m, 2H), 7.22 – 7.08 (m, 3H), 6.94 – 6.84 (m, 2H), 4.95 

– 4.85 (m, 1H), 4.79 (m, 1H), 4.46 – 4.34 (m, 2H), 4.34 – 4.24 (m, 1H), 4.19 (m, 1H), 3.81 (m, 

1H), 2.27 (m, 2H), 2.01 (m, 2H), 1.84 – 1.68 (m, 1H), 1.62 (m, 1H), 1.30 – 1.16 (m, 3H).  31P 

NMR (162 MHz, methanol-d4) δ 3.70, 3.65.  MS m/z = 573.0 [M+1]. 

 

(S)-Isopropyl 2-(((R)-(((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-

3,4-dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (4j). 

Compound 4 (60.0 mg, 206 µmol) was dissolved in NMP (0.28 mL).  THF (0.2 mL) was added 

followed by tert-butyl magnesium chloride (1.0M solution in tetrahydrofuran, 0.309 mL) at rt 

under an argon atmosphere.  After 20 min, a solution of compound 22j (81 mg, 206 µmol) in 

THF (0.2 mL) was added, and the resulting mixture was warmed to about 50 °C.  After 3 h, the 

reaction mixture was allowed to cool to rt and was purified directly by preparatory HPLC to 

afford compound 4j (44 mg, 38% as a single diastereomer).  1H NMR (400 MHz, methanol-d4) δ 

7.86 (s, 1H), 7.34 – 7.26 (m, 2H), 7.21 – 7.12 (m, 3H), 6.91 (d, J = 4.6 Hz, 1H), 6.87 (d, J = 4.6 

Hz, 1H), 4.92 (septet, J = 6.3 Hz, 1H), 4.80 (d, J = 5.4 Hz, 1H), 4.43 – 4.34 (m, 1H), 4.33 – 4.24 

(m, 1H), 4.18 (t, J = 5.6 Hz, 1H), 3.82 (dq, J = 9.7, 7.1 Hz, 2H), 1.27 (dd, J = 7.1, 1.0 Hz, 3H), 

1.18 (dd, J = 6.3, 4.8 Hz, 6H).  31P NMR (162 MHz, methanol-d4) δ 3.72 (s).  MS m/z = 561.11 

[M+1]. 

 

tert-Butyl ((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate (4k). 

To a mixture of intermediate 4 (80 mg, 0.28 mmol), intermediate 22k (174 mg, 0.41 mmol), and 

MgCl2 (39 mg, 0.41 mmol) in DMF (4 mL) was added N,N-diisopropylethylamine (0.12 mL, 

0.69 mmol) dropwise at room temperature.  The reaction mixture was stirred at 50 °C for 1 h and 
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was cooled to rt.  The resulting mixture was concentrated under reduced pressure to 

approximately 2 mL volume and was purified by reverse phase preparative HPLC.  Fractions 

containing the desired product were combined and further purified by silica gel column 

chromatography (eluent: 0-20% methanol in methylene chloride) to afford compound 4k (51 mg, 

32%, 1.5:1 diastereomeric mixture).  1H NMR (400 MHz, methanol-d4) δ 7.86 (s, 0.4H), 7.84 (s, 

0.6H), 7.28 (m, 2H), 7.21 – 7.10 (m, 3H), 6.96 – 6.83 (m, 2H), 4.79 (m, 1H), 4.46 – 4.34 (m, 

2H), 4.28 (m, 1H), 4.22 – 4.13 (m, 1H), 3.81 – 3.64 (m, 1H), 1.40 (m, 9H), 1.22 (m, 3H).  31P 

NMR (162 MHz, methanol-d4) δ 3.79 (s).  MS m/z = 575 [M+1]. 

 

Cyclobutylmethyl ((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate (4l). 

To a mixture of 4 (70 mg, 0.24 mmol) and 22l (224 mg, 0.30 mmol) in DMF (2 mL) was added 

1M t-BuMgCl in THF (0.24 mL, 0.24 mmol) dropwise at rt.  After 1 h, additional 1M t-BuMgCl 

(0.24 mL, 0.24 mmol) was added dropwise.  The reaction mixture was stirred at room 

temperature for 1 h, neutralized with AcOH, concentrated to approximately 2 mL volume and 

was purified by reverse phase preparative HPLC.  Fractions containing desired product were 

combined and further purified by silica gel column chromatography (eluent: 0-20% methanol in 

methylene chloride) to afford compound 4l (51 mg, 36%, 1.7:1 diastereomeric mixture mixture).  
1H NMR (400 MHz, methanol-d4) δ 7.86 (s, 0.38H), 7.84 (s, 0.62H), 7.34 – 7.23 (m, 2H), 7.21 – 

7.09 (m, 3H), 6.96 – 6.83 (m, 2H), 4.79 (d, J = 5.4 Hz, 1H), 4.48 – 4.33 (m, 2H), 4.29 (dddd, J = 

8.3, 6.6, 5.2, 2.2 Hz, 1H), 4.19 (dt, J = 12.5, 5.5 Hz, 1H), 4.09 – 3.92 (m, 2H), 3.85 (ddd, J = 

14.2, 9.3, 7.1 Hz, 1H), 2.57 (h, J = 7.7 Hz, 1H), 2.10 – 1.95 (m, 2H), 1.94 – 1.80 (m, 2H), 1.74 

(tt, J = 9.0, 6.4 Hz, 2H), 1.28 (dd, J = 7.1, 1.1 Hz, 1H), 1.23 (dd, J = 7.2, 1.2 Hz, 2H).  31P NMR 

(162 MHz, methanol-d4) δ 3.71, 3.63.  MS m/z = 587 [M+H]. 

 

Pentan-3-yl ((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate (4m). 

To a mixture of compound 4 (80 mg, 0.28 mmol), 22m (170 mg, 0.39 mmol), and MgCl2 (39 

mg, 0.41 mmol) in DMF (4 mL) was added N,N-diisopropylethylamine (0.12 mL, 0.69 mmol) 

dropwise at rt.  The resulting mixture was stirred at 50 °C for 1 h, concentrated to approximately 

2 mL volume and purified by reverse phase preparative HPLC to afford compound 4m (68 mg, 
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42%, 1.5:1 diastereomeric mixture).  1H NMR (400 MHz, methanol-d4) δ 7.86 (s, 0.4 H), 7.85 (s, 

0.6 H), 7.33 – 7.23 (m, 2H), 7.21 – 7.08 (m, 3H), 6.95 – 6.84 (m, 2H), 4.79 (m, 1H), 4.69 (m, 

1H), 4.47 – 4.34 (m, 2H), 4.34 – 4.24 (m, 1H), 4.19 (m, 1H), 3.85 (m, 1H), 1.64 – 1.42 (m, 4H), 

1.29 (dd, J = 7.0, 1.1 Hz, 1.1 H), 1.23 (dd, J = 7.2, 1.3 Hz, 1.9H), 0.91 – 0.76 (m, 6H).  31P NMR 

(162 MHz, methanol-d4) δ 3.71, 3.69.  MS m/z = 589 [M+1]. 

 

(2S)-cyclopentyl 2-(((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-

3,4-dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino) propanoate 

(4n). 

Compound 4 (100 mg, 0.34 mmol) was dissolved in THF (2 mL) and cooled under ice water 

bath.  Then 1M t-BuMgCl (0.52 mL, 0.77 mmol) was added dropwise slowly.  The resulting 

mixture was stirred for about 30 min at rt.  Then compound 22n (247 mg, 0.52 mmol) in THF (2 

mL) was added over about 5 min and the resulting mixture was stirred for about 24 h at rt.  The 

resulting mixture was diluted with ethyl acetate, cooled under ice-water bath, treated with aq 

NaHCO3 (2 mL), washed with brine, dried with sodium sulfate, and concentrated under reduced 

pressure.  The resulting mixture was purified by silica gel column chromatography (eluent: 0-

20% methanol in dichloromethane) followed by reverse phase preparatory HPLC to afford 

compound 4n (47 mg, 23% as a 27:1 mixture of diastereomers).  1H NMR (400 MHz, methanol-

d4) δ 7.85 (s, 1H), 7.33 – 7.22 (m, 2H), 7.14 (tdd, J = 7.6, 2.1, 1.1 Hz, 3H), 6.95 – 6.87 (m, 2H), 

5.13 – 5.00 (m, 1H), 4.78 (d, J = 5.4 Hz, 1H), 4.48 – 4.35 (m, 2H), 4.30 (ddd, J = 10.6, 5.7, 3.6 

Hz, 1H), 4.19 (t, J = 5.4 Hz, 1H), 3.78 (dq, J = 9.2, 7.1 Hz, 1H), 1.81 (dtd, J = 12.5, 5.9, 2.4 Hz, 

2H), 1.74 – 1.49 (m, 6H), 1.21 (dd, J = 7.1, 1.2 Hz, 3H).  MS m/z = 587 [M+1]. 

 

2-ethylbutyl ((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-D-alaninate (4o). 

Compound 21 (50 mg, 0.15 mmol) was dissolved in anhydrous tetrahydrofuran (5 mL) and 

stirred under atmospheric argon.  Compound 22o (75 mg, 0.17 mmol) was added followed by 

magnesium chloride (21 mg, 0.23 mmol), and the reaction was warmed to 50 °C and stirred for 

30 min.  N,N-diisopropylethylamine (65.0 µL, 0.375 mmol) was added dropwise, and the 

reaction mixture was stirred for 3 h at 50 °C.  The reaction mixture was then cooled in an ice 

bath and 12N HCl(aq) (175 µL) was added dropwise. The ice bath was removed and the reaction 
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mixture was stirred at rt for 4 h.  The reaction mixture was diluted with ethyl acetate (15 mL) and 

cooled in an ice bath. 1N NaOH(aq) was added slowly to give pH of 10.  The organic layer was 

then washed with 5% aqueous sodium carbonate solution and then saturated aqueous sodium 

chloride solution.  The organic layer was then dried over anhydrous sodium sulfate and 

concentrated under reduced pressure.  The crude residue was purified with silica gel column 

chromatography (eluent: 0-10% methanol in dichloromethane) to afford compound 4o (60 mg, 

66% yield as a 1.1:1 diastereomeric mixture).  1H NMR (400 MHz, methanol-d4) δ 7.87 – 7.83 

(m, 1H), 7.37 – 7.22 (m, 2H), 7.22 – 7.04 (m, 3H), 6.96 – 6.79 (m, 2H), 4.82 – 4.75 (m, 1H), 

4.45 – 4.23 (m, 3H), 4.18 (m, 1H), 4.06 – 3.85 (m, 3H), 1.52 – 1.38 (m, 1H), 1.38 – 1.24 (m, 

7H), 0.85 (m, 6H).  31P NMR (162 MHz, methanol-d4) δ 3.87, 3.55.  MS m/z = 603.1 [M+1]. 

 

(2S,2'S)-diethyl 2,2'-((((2R,3S,4R,5R)-5-(4-aminopyrrolo[1,2-f][1,2,4]triazin-7-yl)-5-cyano-

3,4-dihydroxytetrahydrofuran-2-yl)methoxy)phosphoryl)bis(azanediyl) dipropanoate (4p). 

Compound 4 (14.6 mg, 0.05 mmol) was dissolved in anhydrous trimethyl phosphate (0.5 mL) 

and stirred under N2(g) at rt.  POCl3 (9.2 μL, 0.1 mmol) was added and the mixture stirred for 

about 60 min. Alanine ethyl ester hydrochloride 18b (61 mg, 0.4 mmol) and then Et3N (70 μL, 

0.5 mmol) was added.  The resultant mixture was stirred for about 15 min. and then additional 

Et3N (70 μl, 0.5 mmol) was added to give a solution pH of 9-10. The mixture was stirred for 

about 2 h. and then diluted with ethyl acetate, washed with saturated aqueous NaHCO3 solution 

followed by saturated aqueous NaCl solution.  The organic layer was dried over anhydrous 

sodium sulfate and concentrated under reduced pressure. The residue was purified by reverse 

phase preparative HPLC to afford compound 4p (5.5 mg, 16%).  1H NMR (400 MHz, methanol-

d4) δ 8.13 (s, 1H), 7.41 (d, J = 4.8 Hz, 1H), 7.18 (d, J = 4.8 Hz, 1H), 4.78 (d, J = 5.6 Hz, 1H), 

4.36 (m, 1H), 4.25-4.08 (m, 7H), 3.83 (m, 2H), 1.33-1.23 (m, 12H).  31P NMR (121.4 MHz, 

methanol-d4) δ 13.8.  MS m/z 570.0 [M+1]. 

 

(2S,2'S)-di(2-ethylbutyl) 2,2'-((((2R,3S,4R,5R)-5-(4-aminopyrrolo[1,2-f][1,2,4]triazin-7-yl)-

5-cyano-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)phosphoryl)bis(azanediyl) 

dipropanoate (4q). 

To a suspension of compound 4 (52 mg, 0.18 mmol) and solid sodium bicarbonate (53 mg) in 

trimethyl phosphate (1.5 mL) at 0 °C was added POCl3 (120 mg, 0.783 mmol).  The mixture was 
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stirred at 0 °C for 3 h, at which point a solution of 18a (790 mg, 4.56 mmol) in MeCN (1 mL) 

was then added.  The reaction mixture was stirred at 0 °C for 0.5 h, then triethylamine (0.1 mL) 

was added and stirred at rt for 0.5 h.  The reaction mixture was diluted with ethyl acetate (10 

mL), washed with water (10 mL), and was concentrated under reduced pressure.  The residue 

was purified by silica gel column chromatography (eluent: 50-100% ethyl acetate in hexanes 

gradient followed by 0-10% methanol in ethyl acetate gradient) to afford compound 4q (71 mg, 

58%).  1H NMR (400 MHz, methanol-d4): δ 7.88 (s, 1H), 6.95 (d, J = 4.8 Hz, 1H), 6.89 (d, J = 

4.4 Hz, 1H), 4.85 (d, J = 5.6 Hz, 1H), 4.32-4.35 (m, 1H), 4.12-4.26 (m, 3H), 4.04-4.09 (m, 2H), 

3.94-3.98 (m, 2H), 3.79-3.89 (m, 2H), 1.44-1.54 (m, 2H), 1.27-1.39 (m, 14H),  0.89 (t, J = 7.2 

Hz, 12H).  31P NMR (400 MHz, methanol-d4): δ 13.83.  MS m/z = 682.1 [M+1]. 

 
Supporting Information: Assay Methods, Molecular Modeling with RSV, Marburg and Sudan 

viruses, compound synthesis and single crystal X-Ray structure information are available in 

Supporting Information. 

 

Accession Codes: The Cambridge Crystallographic Data Center (CCDC) numbers for the X-Ray 

structures of compound 22b is 1445315. Authors will deposit the X-Ray structure of 4b upon 

article publication. 

 

Homology models: HIV (1RTD32b) and HCV (4WTG32c) X-Ray structures were used to 

generate the EBOV model for 4-TP and 13-TP. Authors will release the atomic coordinates 

upon article publication. 
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Supporting Information 

 

General Information 

Viruses  

RSV A2 was purchased from Advanced Biotechnologies, Inc. HCV subgenomic replicon 

Genotype 1b-Con1 was generated as described previously.1,2  EBOV (Kikwit) were prepared and 

characterized at USAMRIID.  EBOV containing a GFP reporter gene (EBOV-GFP) was 

prepared and characterized at the Centers for Disease Control and Prevention (CDC).3,4 

Cells 

HEp-2 (CCL-23), and HeLa (CCL-2) cell lines were purchased from the American Type Culture 

Collection.  Cell lines were not authenticated and were not tested for mycoplasma as part of 

routine use in assays.  HEp-2 cells were cultured in Eagle’s Minimum Essential Media (MEM) 

with GlutaMAXTM supplemented with 10% fetal bovine serum (FBS) and 100 units/mL 

penicillin and streptomycin.  HeLa cells were cultured in MEM supplemented with 10% FBS, 

1% l-glutamine, 10 mM HEPES, 1% non-essential amino acids, and 1% penicillin/streptomycin. 

The MT-4 cell line was obtained from the NIH AIDS Research and Reference Reagent Program 

and cultured in RPMI-1640 medium supplemented with 10% FBS, 100 units/mL penicillin and 

streptomycin, and 2 mM l-glutamine.  The Huh-7 cell line was obtained from Dr. Charles M. 

Rice at the Rockefeller University and cultured in DMEM supplemented with 10% FBS, 100 

units/mL penicillin and streptomycin, and non-essential amino acids.  Human peripheral blood 

mononuclear cells (PBMCs) were isolated from human buffy coats obtained from healthy 

volunteers (Stanford Medical School Blood Center, Palo Alto, CA) and maintained in RPMI-

1640 with GlutaMAXTM  supplemented with 10% FBS, 100 units/mL penicillin and 

streptomycin.  Human macrophage cultures were isolated from PBMCs that were purified by 

Ficoll gradient centrifugation from 50 mL of blood from healthy human volunteers.  PBMCs 

were cultured for 7 to 8 days in in RPMI cell culture media supplemented with 10% FBS, 5 to 50 

ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) and 50 μM β-

mercaptoethanol (BME) to induce macrophage differentiation.  Immortalized human 

Comment [DS1]: Things to be done 
1)Deposite X-ray in Database 
2)POLMRT vs mtRNA 
3)Modeling Additions – Jason Perry. 
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microvascular endothelial cells (HMVEC-TERT) were obtained from Dr. Rong Shao at the 

Pioneer Valley Life Sciences Institute28.  HMVEC-TERT cells were cultured in endothelial basal 

media supplemented with 10% FBS, 5 μg of epithelial growth factor, 0.5 mg hydrocortisone, and 

gentamycin/amphotericin-B.  Normal human bronchial epithelial (NHBE) cells were purchased 

from Lonza (Walkersville, MD, Cat # CC-2540) and cultured in Bronchial Epithelial Growth 

Media (BEGM) (Lonza, Walkersville, MD, Cat # CC-3170). The cells were passaged 1-2 times 

per week to maintain < 80% confluency. The NHBE cells were discarded after 6 passages in 

culture. 

EBOV HMVEC Antiviral Assay 

Antiviral assays were conducted in biosafety level-4 containment (BSL-4) at the CDC.  

HMVEC-TERT cells were seeded in 96 well plates. Eight to ten concentrations of compound 

were diluted in 3-fold serial dilution increments in media and 100 uL/well of each dilution was 

transferred in triplicate onto 96 well plates containing preseeded HMVEC-TERT monolayers. 

The plates were transferred to BSL-4 containment and the appropriate dilution of EBOV-GFP 

virus stock, previously determined by titration and prepared in cell culture media, was added to 

test plates containing cells and serially diluted compounds. Each plate included three wells of 

infected untreated cells and three wells of uninfected cells that served as 0% and 100% virus 

inhibition control, respectively. Following the infection, test plates were incubated for 3 to 4 

days in a tissue culture incubator. After the incubation, virus replication was measured in an 

Envision plate reader by direct fluorescence to measure GFP expression from the reporter virus. 

The percentage inhibition was calculated for each tested concentration relative to the 0% and 

100% inhibition controls and the EC50 value for each compound was determined by non-linear 

regression as the effective concentration of compound that inhibited virus replication by 50%. 

EBOV HeLa Antiviral Assay 

The antiviral activity of selected compounds was measured against EBOV (Kikwit) conducted in 

BSL-4 at the US Army Medical Research Institute for Infections Disease (USAMRIID). Hela 

cells were seeded in 384 well plates at 5000 cells / well. The antiviral activity of each compound 

was measured in quadruplicate. Eight to ten concentrations of compound were added directly to 

the cell cultures using the HP300 digital dispenser in 3-fold serial dilution increments 2h prior to 
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infection. The plates were transferred to BSL-4 containment and the appropriate dilution of virus 

stock, previously determined by titration and prepared in cell culture media, was added to test 

plates containing cells and serially diluted compounds. Each plate included three wells of 

infected untreated cells and three wells of uninfected cells that served as 0% and 100% virus 

inhibition control, respectively. Following the infection, test plates were incubated for 2 days in a 

tissue culture incubator. After the incubation, the cells were fixed in formalin solution and virus 

replication was measured by quantifying Ebola glycoprotein levels after immunostaining and 

high content imaging using the Perkin Elmer Opera confocal microscopy instrument. The 

percentage inhibition was calculated for each tested concentration relative to the 0% and 100% 

inhibition controls and the EC50 value for each compound was determined by non-linear 

regression as the effective concentration of compound that inhibited virus replication by 50%. 

EBOV Human Macrophage Antiviral Assay 

The antiviral activity was measured against EBOV (Kikwit) conducted in BSL-4 USAMRIID. 

Macrophage cultures were isolated from fresh human PBMCs and differentiated in the presence 

of 5ng/ml GM-CSF and 50uM B-mercaptoethanol. The media was changed every 2 days and 

cells that adhered to the tissue culture plate after 7 days were removed with 0.5M EDTA in 1x 

PBS, concentrated by centrifugation at 200 x g for 10 minutes and plated in 384 well assay plates 

at 40,000 cells / well. The antiviral activity of each compound was measured in quadruplicate. 

Eight to ten concentrations of compound were added directly to the cell cultures using the HP300 

digital dispenser in 3-fold serial dilution increments 2h prior to infection. The plates were 

transferred to BSL-4 containment and the appropriate dilution of virus stock, previously 

determined by titration and prepared in cell culture media, was added to test plates containing 

cells and serially diluted compounds. Each plate included three wells of infected untreated cells 

and three wells of uninfected cells that served as 0% and 100% virus inhibition control, 

respectively. Following the infection, test plates were incubated for 2 days in a tissue culture 

incubator. After the incubation, the cells were fixed in formalin solution and virus replication 

was measured by quantifying Ebola glycoprotein levels after immunostaining and high content 

imaging using the Perkin Elmer Opera confocal microscopy instrument. The percentage 

inhibition was calculated for each tested concentration relative to the 0% and 100% inhibition 
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controls and the EC50 value for each compound was determined by non-linear regression as the 

effective concentration of compound that inhibited virus replication by 50%. 

RSV A2 HEp-2 Antiviral Assay 

Compounds were 3-fold serially diluted in source plates from which 100 nL of diluted compound 

was transferred to a 384-well cell culture plate using an Echo acoustic transfer apparatus.  HEp-2 

cells at a density of 5 × 105 cells/mL were then infected by adding RSV A2 at a titer of 1 × 104.5 

tissue culture infectious doses (TCID50)/mL.  Immediately following virus addition, 20 μL of the 

virus/cell mixture was added to the 384-well cell culture plates using a μFlow liquid dispenser 

and cultured for 4 days at 37 °C.  After incubation, the cells were allowed to equilibrate to 25 °C 

for 30 minutes.  The RSV-induced cytopathic effect was determined by adding 20 μL of 

CellTiter-GloTM Viability Reagent.  After a 10-minute incubation at 25 °C, cell viability was 

determined by measuring luminescence using an Envision plate reader. 

RSV A2 NHBE Antiviral Assay 

NHBE cells were plated in 96-well plates at a density of 7,500 cells per well in BEGM and 

allowed to attach overnight at 37°C. Following attachment, 100 μL of cell culture media was 

removed and 3-fold serially diluted compound was added using a Hewlett-Packard D300 Digital 

Dispenser. The final concentration of DMSO was normalized to 0.05%. Following compound 

addition, the NHBE cells were infected by the addition of 100 μL of RSV A2 at a titer of 1 × 

104.5 tissue culture infectious doses/mL in BEGM and then incubated at 37 °C for 4 days. The 

NHBE cells were then allowed to equilibrate to 25 °C and cell viability was determined by 

removing 100 μL of culture medium and adding 100 μL of Cell-Titer Glo viability reagent. The 

mixtures were incubated for 10 minutes at 25 °C, and the luminescence signal was quantified on 

an Envision luminescence plate reader. 

HCV 1b Replicon Huh-7 Antiviral and Cytotoxicity Assay 

For EC50 and CC50 determinations, compounds were serially diluted in ten steps of 1:3 dilutions 

in 384-well plates. All serial dilutions were performed in four replicates per compound within 

the same 384-well plate. An HCV protease inhibitor ITMN-191 at 100 μM was added as a 

control of 100% inhibition of HCV replication while puromycin at 10 mM was included as a 
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control of 100% cytotoxicity. To each well of a black polystyrene 384-well plate (Greiner Bio-

one, Monroe, NC), 90 μL of cell culture medium (without Geneticin) containing 2000 suspended 

HCV replicon cells was added with a Biotek μFlow workstation. For compound transfer into cell 

culture plates, 0.4 μL of compound solution from the compound serial dilution plate was 

transferred to the cell culture plate on a Biomek FX workstation. The DMSO concentration in the 

final assay wells was 0.44%. The plates were incubated for 3 days at 37 °C with 5% CO2 and 

85% humidity. The HCV replicon assay was a multiplex assay, able to assess both cytotoxicity 

and antireplicon activity from the same well. The CC50 assay was performed first. The media in 

the 384-well cell culture plate was aspirated, and the wells were washed four times with 100 μL 

of PBS each, using a Biotek ELX405 plate washer. A volume of 50 μL of a solution containing 

400 nM calcein AM (Anaspec, Fremont, CA) in 1 × PBS was added to each well of the plate 

with a Biotek μFlow workstation. The plate was incubated for 30 min at room temperature 

before the fluorescence signal (excitation 490 nm, emission 520 nm) was measured with a 

Perkin-Elmer Envision plate reader.  The EC50 assay was performed in the same wells as the 

CC50 assay.  The calcein-PBS solution in the 384-well cell culture plate was aspirated with a 

Biotek ELX405 plate washer. A volume of 20 μL of Dual-Glo luciferase buffer (Promega, 

Madison, WI) was added to each well of the plate with a Biotek μFlow Workstation. The plate 

was incubated for 10 min at room temperature. A volume of 20 μL of a solution containing a 

1:100 mixture of Dual-Glo Stop & Glo substrate (Promega, Madison, WI) and Dual-Glo Stop & 

Glo buffer (Promega, Madison, WI) was added to each well of the plate with a Biotek μFlow 

Workstation. The plate was then incubated at room temperature for 10 min before the 

luminescence signal was measured with a Perkin-Elmer Envision Plate Reader. 

Cytotoxicity Assays 

HEp-2 (1.5 × 103 cells/well) and MT-4 (2 × 103 cells/well) cells were plated in 384-well plates 

and incubated with the appropriate medium containing 3-fold serially diluted compound ranging 

from 15 nM to 100,000 nM.  Cells were cultured for 4-5 days at 37 °C.  Following the 

incubation, the cells were allowed to equilibrate to 25 °C, and cell viability was determined by 

adding Cell-Titer Glo viability reagent.  The mixture was incubated for 10 minutes, and the 

luminescence signal was quantified using an Envision plate reader.  Cell lines were not 

authenticated and were not tested for mycoplasma as part of routine use in cytotoxicity assays.  
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Human Hepatic S9 and Plasma Stability.  

The compounds were incubated at 2 μM in human hepatic S9 fractions (obtained from In Vitro 

Technologies, Baltimore, MD) for 90 min at 37 °C in the presence of NADPH and UDPGA 

(phase I and phase II cofactor, Sigma-Aldrich). At specified time points following compound 

addition, samples were quenched with nine volumes of an aqueous solution containing internal 

standard, 50% acetonitrile, and 25% methanol. Sample plates were centrifuged at 3000g for 30 

min, and 10 μL of the resulting solution was analyzed by LC/MS/MS. Data (sample to internal 

standard peak area ratio) were plotted on a semi log scale and fitted using an exponential fit. 

Assuming first-order kinetics, the half-life and rate of metabolism were determined. Predicted 

hepatic extraction was calculated from the half-life by reported methods using the well-stirred 

model for hepatic clearance.  For blood plasma stability, compounds were incubated at 2 µM in 

human plasma samples for up to 4 h at 37 °C. At the desired time points, an aliquot from the 

incubation was quenched by adding 9 volumes of 100% acetonitrile supplemented with internal 

standard. Following the last collection, the samples were centrifuged at 3,000 × g for 30 min and 

the supernatants were transferred to a new plate containing an equal volume of water for analysis 

by LC/MS/MS. The data (analyte-to-internal standard peak area ratio) were plotted on a semi-log 

scale and fitted using an exponential fit. The half-life (t1/2) was determined assuming first-order 

kinetics.   

LC/MS/MS Instrumentation 

Liquid chromatography was performed using an Agilent 1200-series quaternary pump system 

(Agilent Technologies, Santa Clara, CA) with a 2 μm 20 × 2.1 mm Mercury RP C18 

(Phenomenex, Torrance, CA). A HPLC system was coupled to a Quattro Premier triple-

quadrupole mass spectrometer (Waters, Milford, MA). Mass spectrometry was performed in 

positive-ion mode and multiple reaction monitoring modes using a Quattro Premier (Waters, 

Milford, MA). The test compound was eluted with a mobile phase consisting of 0.2% formic 

acid and a linear gradient from 0 to 95% acetonitrile over 2 min. 

log D Measurement  

A solution of test compound in DMSO (2 μL of 10 mM) was added into a 96-well plate 

containing 198 μL of 1:1 acetonitrile/water. The sample plate was shaken for 30 min, and 10 μL 
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of the resulting solution was analyzed by HPLC/UV. The instrumentation used was an Alliance 

2795 HPLC coupled with a photodiode array detector 2996 (Waters, Milford, MA) using a 

Waters XTerra 3.5 μm 4.6 mm × 50 mm C18 column. The mobile phase consisted of solvent A 

(20 mM ammonium acetate aqueous solution) and solvent B (100% acetonitrile). Elution was 

performed using a linear gradient of solvent B from 0% to 100% in 8 min. The log D value was 

calculated using the retention time of test compound compared to the reference compounds. The 

range of log D values for reference compounds is approximately between 0.3 and 5.7. 

Biochemical Assays 

All natural deoxynucleoside triphosphates (dNTPs) and nucleoside triphosphates (NTPs) were 

from GE Healthcare (Piscataway, NJ). The [α-33P]dNTPs and [α-33P]NTPs were purchased from 

PerkinElmer (Waltham, MA).  All of the biochemical assays used radiolabeled dNTP or NTP to 

track DNA or RNA product formation. The products were analyzed using affinity filter-binding 

or electrophoresis systems and quantified using a Typhoon Trio imager and ImageQuant TL 

software (GE Healthcare). All concentrations refer to the final concentrations unless mentioned 

otherwise. Product formation in the presence of the inhibitors was expressed as a percentage of 

the product in water-treated controls (defined as 100%). The IC50 was defined as the 

concentration at which there was a 50% decrease in product formation. The data were analyzed 

using GraphPad Prism 5.0. IC50s were calculated as an average of at least three independent 

experiments.  RSV ribonucleoprotein (RNP) complexes were prepared according to a method 

modified from Mason et al.5 The recombinant human mitochondrial RNA polymerase 

(POLRMT) was purchased from Enzymax. RNA polymerase II was purchased as part of the 

“HeLaScribe® Nuclear Extract in vitro Transcription System” kit from Promega.  Recombinant 

human DNA polymerases α and β were gifts from Robert Kuchta at the University of Colorado 

and Zucai Suo at the Ohio State University, respectively. Recombinant human DNA polymerase 

γ (including both the large subunit and the small subunit) was cloned, overexpressed, and 

purified based on published methods.6,7 

RSV A2 Polymerase Inhibition Assay 

Transcription reactions contained 25 μg of crude RSV RNP complexes in 30 μL of reaction 

buffer (50 mM TRIS-acetate [pH 8.0], 120 mM potassium acetate, 5% glycerol, 4.5 mM MgCl2, 
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3 mM DTT, 2 mM EGTA, 50 μg/mL BSA, 2.5 U RNasin, 20 μM ATP, 100 μM GTP, 100 μM 

UTP, 100 μM CTP, and 1.5 μCi [α-32P]ATP [3,000 Ci/mmol]). The radiolabeled nucleotide used 

in the transcription assay was selected to match the nucleotide analog being evaluated for 

inhibition of RSV RNP transcription.  To determine whether nucleotide analogs inhibited RSV 

RNP transcription, compounds were added using a 6-step serial dilution in 5-fold increments.  

After a 90-minute incubation at 30 °C, the RNP, reactions were stopped with 350 μL of Qiagen 

RLT lysis buffer, and the RNA was purified using a Qiagen RNeasy 96 kit.  Purified RNA was 

denatured in RNA sample loading buffer at 65 °C for 10 minutes and run on a 1.2% 

agarose/MOPS gel containing 2M formaldehyde.  The agarose gel was dried, exposed to a Storm 

phosphorimaging screen, and developed using a Storm phosphorimager. 

HCV NS5B Inhibition Assay 

A reaction mixture containing 50 mM Tris-HCl (pH 7.5), 10 mM KCl, 1 mM dithiothreitol 

(DTT), 0.1 mg/ml bovine serum albumin (BSA), 0.2 U/µl RNasin Plus RNase inhibitor 

(Promega),4 ng/µl sshRNA, 5 mM MgCl2, and 70 to 150 nM wild-type HCV NS5B was 

preincubated with NTP analog for 5 min at room temperature.  The reaction was initiated by 

adding a mixture containing 2.5µM ATP, 2.5 µM CTP, 2.5 µM UTP, 1.25 µM GTP, and 0.06 

µCi/µl of [α-33P]GTP (3,000 mCi/mol). The reactions were allowed to proceed for 90 min at 30 

°C. After 90 min, 10 µl of the reaction mixture was spotted on DE81 anion exchange paper 

(Whatman, United Kingdom), which was then washed with 3× Na2HPO4 (125 mM [pH 9]), 1× 

water, and 1× ethyl alcohol (EtOH). The filter paper was air-dried and exposed to the 

phosphorimager screen, and the amount of synthesized RNA was quantified as described earlier. 

Inhibition of Human DNA and RNA Polymerases 

All reaction mixtures contained 50 mM Tris-HCl buffer (pH 8.0), 0.2 mg/ml BSA, 2 mM DTT, 

0.05 mg/ml activated fish sperm DNA, 10 mM MgCl2, 1.3 µCi [α-33P]dTTP (3,000 Ci/mmol), 

and 2 µMeach of dATP, dGTP, and TTP.  The optimal enzyme concentrations were chosen to be 

in the linear range of enzyme concentration ([E]) versus activity, and the reaction time was 

selected to ensure that 10% of the substrate was consumed. All reactions were run at 37 °C. The 

amounts of enzyme used in each assay were 160 nM and 30 nM for polymerase α and β, 

respectively. For polymerase γ holoenzyme, 1.2 nM large catalytic subunit and 3.6 nM small 
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accessory subunit were used in the assay. The incubation times were 30 min, 10 min, and 60 min 

for polymerases α, β, and γ, respectively. The reactions were started by adding a mixture of the 

abovementioned natural NTPs and MgCl2 into a preincubated mixture containing enzyme and 

inhibitors. At the end of the incubation, 5 µl of the reaction mixture was removed and spotted on 

DE81 anion exchange paper (Whatman, United Kingdom), which was washed with 3× Na2HPO4 

(125 mM [pH 9]), 1× water, and 1× EtOH. The filer paper was air-dried and exposed to the 

phosphorimager screen prior to quantification and analysis.  Human RNA polymerase II 

reactions were conducted by preincubating 7.5 µl 1× transcription buffer (20 mM HEPES [pH 

7.2 to 7.5], 100mM KCl, 0.2mM EDTA, 0.5mM DTT, 20% glycerol), 3mM MgCl2, 100 ng 

cytomegalovirus (CMV)-positive control DNA (Promega), a mixture of natural NTPs, and 

various concentrations of the inhibitors at 30 °C for 5 min. The mixture of four natural NTPs 

contained 5 µCi of the competing NTP, with the concentration set at the Km, and 400 µM the 

three noncompeting NTPs. The reaction was started by adding 3.5 µl of HelaExtract to a final 

25-µl reaction mixture. After 1 h incubation at 30°C, the polymerase reaction was stopped by 

adding 10.6 µl of proteinase K mixture, which contained final concentrations of 2.5 µg/µl 

proteinase K (New England BioLabs), 5% SDS, and 25mM EDTA. After incubation at 37 °C for 

3 to 12 h, 10 µl of the reaction mixture was mixed with 10 µl of the loading dye (98% 

formamide, 0.1% xylene cyanol, and 0.1% bromophenol blue), heated at 75 °C for 5 min, and 

loaded onto a 6% polyacrylamide gel (8 M urea). The gel was dried for 45 min at 70 °C and the 

full-length product (363 nt runoff RNA) was quantified. The inhibition of mitochondrial RNA 

polymerase (POLRMT) was evaluated using 20nMPOLRMT preincubated with 20nMtemplate 

plasmid (pUC18-LSP) containing POLRMT light-strand promoter region and mitochondrial 

transcription factor A (mtTFA) (100 nM) and mt-TFB2 (20 nM) in buffer containing 10mM 

HEPES (pH 7.5), 20mMNaCl, 10mM DTT, 0.1 mg/ml BSA, and 10mM MgCl2. The reactions 

were heated to 32 °C and initiated by adding 2.5 µM each of the four natural NTPs and 1.5 µCi 

of [33P]GTP. After incubation for 30 min at 32 °C, the reactions were spotted on DE81 paper 

before being processed for quantification. 

Single Nucleotide Incorporation by Mitochondrial RNA Polymerase  

A mixture of MTCN buffer (50 mM MES, 25 mM Tris-HCl, 25 mM CAPS, and 50 mM NaCl, 

pH 7.5), 200 nM 5′-32P-R12/D18, 10mM MgCl2, 1 mM DTT, and 376 nM POLRMT was 
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preincubated at 30 °C for 1 min. The reaction was started by addition of 500 μM (final) natural 

NTP or NTP analogs. At selected time points, the reaction mixture was removed and quenched 

with gel loading buffer containing 100 mM EDTA, 80% formamide, and bromophenol blue, and 

heated at 65 °C for 5 min. The samples were run on a 20% polyacrylamide gel (8 M urea), and 

the product formation was quantified using Typhoon Trio Imager and Image Quant TL Software 

(GE Healthcare, Piscataway, NJ). The rate of single nucleotide incorporation by mt RNA pol 

was calculated by fitting the product formation using the single exponential equation: [R13] = 

A(1 − e−kt), where [R13] represents the amount (in nM) of the elongated product formed, t 

represents the reaction time, k represents the observed rate, and A represents the amplitude of the 

exponential. 

Single Nucleotide Incorporation by Mitochondrial DNA Polymerase γ  

An annealed 32P labeled primer-template D19/D36, 1.2 nM DNA Pol γ large subunit, and 3.4 nM 

Pol γ accessory subunit are preincubated on ice for 5 minutes and added to reaction mixture 

containing 50 mM Tris-Cl (pH 8.0), 2 mM DTT, 0.2 mg/mL BSA, 200 nM D19/D36 mer and 10 

mM MgCl2. Reactions are heated to 37 °C and initiated by addition of 50 µM (final) natural 

dNTP or analog, plus 50 μM of a natural dNTP that allows the primer to regenerate after 3′-

excision by the exonuclease activity of the enzyme. At 0, 5, 10, 30, 60, and 90 min, 10 µL of the 

reaction mixture is removed and quenched with 10 µL of a gel loading buffer containing 100 

mM EDTA, 80% formamide and bromophenol blue, and heated at 65 ºC for 5 minutes. The 

samples are run on a 20% polyacrylamide gel (8 M urea) and the gel is exposed to a 

phosphorimager screen. The substrate and the incorporation products, D19 and D20-28, are 

quantified using a Typhoon Trio Imager and Image Quant TL Software. The rate nucleotide 

incorporation is calculated in Prism by fitting the product formation using the single exponential 

equation: [D20] = A(1 – e-kt), where [D20] represents the amount (in nM) of the elongated 

product formed, t represents the reaction time, k represents the observed rate, and A represents 

the amplitude of the exponential. Analog incorporation rates are calculated as % incorporation 

relative to natural dNTP. 

Molecular modeling Comment [DS2]: Need Revisions With Jason 
Perry’s Additions 
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A homology model of RSVA2 and EBOV polymerases were built using the HIV-RT X-ray 

crystal structure (PDB:1RTD). (Schrödinger Release 2015-1: Prime, version 3.9, Schrödinger, 

LLC, New York, NY, 2015, default settings with subsequent rigid body minimization and side 

chain optimization.  Loop insertions not in 1RTD of greater than 10 amino acids were not built). 

 

Preparation of Small Molecule Compounds 

The synthesis and characterization data for the following compounds have been previously 

described: 48-13, 4b10,11,14,15, 79,16, 88,11,12, 98,11,12, 1017, 1118,19
, 11a18,19, 1220,11, 1312,21,22, 13a12,21,22, 

13b12,21,22, 4-TP10.  The synthesis and characterization for the following intermediates have been 

previously described: 22g23, 22h24, 22j (single Sp isomer)21,22, 22m24, 22n25.  The second 

generation synthesis and characterization of 4, 4b, 21 and 22b has been described previously.10 

2-Ethylbutyl ((((2R,3S,4R,5S)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-ethynyl-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate (9a)   

To a solution of compound 9 (15 mg, 0.053 mmol) in anhydrous THF (3 mL) was added t-

BuMgCl (1M in THF, 79 µL, 0.079 mmol) at rt under a nitrogen atmosphere.  After 20 min, a 

solution of 19 (47 mg, 0.106 mmol) in anhydrous THF (3 mL) was added and the resulting 

mixture was warmed to 50 °C.  After 12 h, the reaction mixture was concentrated under reduced 

pressure and the crude residue was purified by reverse phase preparatory HPLC to afford 

compound 9a (6.6 mg, 21%, ~1:1 diastereomeric mixture at phosphorus).  HRMS (m/z): [M]+ 

calcd for C28H36N5O8P, 602.2307; found, 602.2380. HPLC: tR = 5.572 min, 5.622 min. 

 

(2S)-2-ethylbutyl 2-(((((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-

3,4-dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino) propanoate (4a)   

To a solution of Compound 22a (1.08 g, 2.4 mmol) in anhydrous DMF (9 mL) at rt was added 4 

(350 mg, 1.2 mmol) in one portion.  A solution of t-butylmagnesium chloride in THF (1M, 1.8 

mL, 1.8 mmol) was then added to the reaction dropwise over about 10 minutes.  The reaction 

was stirred for about 2 h, at which point the reaction mixture was diluted with ethyl acetate (50 

Comment [RM3]: Compounds to be added 13-
TP; 22a, 18a, 18b 

TR-17-031  DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

UNCLASSIFIED



mL) and washed with saturated aqueous sodium bicarbonate solution (3 x 15 mL) followed by 

saturated aqueous sodium chloride solution (15 mL). The organic layer was dried over anhydrous 

sodium sulfate and concentrated under reduced pressure.  The resulting oil was purified with 

silica gel column chromatography (eluent: 0-10% methanol in dichloromethane) to 4a (311 mg, 

43%, 1 : 0.4 diastereomeric mixture at phosphorus).  1H NMR (400 MHz, methanol-d4) δ 7.85 

(m, 1H), 7.34 – 7.23 (m, 2H), 7.21 – 7.09 (m, 3H), 6.94 – 6.84 (m, 2H), 4.78 (d, J = 5.4 Hz, 1H), 

4.46 – 4.33 (m, 2H), 4.33 – 4.24 (m, 1H), 4.18 (m, 1H), 4.05 – 3.80 (m, 3H), 1.52 – 1.39 (m, 

1H), 1.38 – 1.20 (m, 7H), 0.85 (m, 6H).  31P NMR (162 MHz, methanol-d4) δ 3.71, 3.65.  MS 

m/z 603.1 [M+1]. 

Separation of the Sp and Rp Diastereomers of 4a 

4a was dissolved in acetonitrile. The resulting solution was loaded onto Lux Cellulose-2 chiral 

column, equilibrated in acetonitrile, and eluted with isocratic acetonitrile/methanol (95:5 

vol/vol). The first eluting compound was the Rp diastereomer 4c, and the second eluting 

compound was the Sp diastereomer 4b. 

(2S)-ethyl 2-(((4-nitrophenoxy)(phenoxy)phosphoryl)amino)-3-phenylpropanoate (22d). 

[0001] (S)-ethyl 2-amino-3-phenylpropanoate hydrochloride (1.01 g, 4.41 mmol) was 

dissolved in dichloromethane (50 mL). This solution was cooled to about 0 °C and PhOP(O)Cl2 

(0.656 mL, 4.41 mmol) was added, followed by the slow addition of Et3N (1.62 mL, 11.5 mmol) 

over 5 min. The cold bath was removed and the reaction was allowed to warm to rt and stir over 

a period of 80 min. p-NO2PhOH (0.583 g, 4.19 mmol) was added, followed by more Et3N (0.3 

mL, 2.1 mmol). The reaction progress was monitored by LC/MS. Upon completion of the 

reaction, it was diluted with Et2O, and the resulting solids were removed by filtration. The filtrate 

was concentrated the crude residue was purified by silica gel column chromatography (eluent: 0-

55% ethyl acetate in hexanes) to afford compound 22d (1.25 g, 60%, as a mixture of 

diastereomers).  1H NMR (400 MHz, methanol-d4) δ 8.17 (m, 2H), 7.33 (m, 2H), 7.09-7.25 (m, 

10H), 4.17 (m, 1H), 4.07 (m, 2H), 3.08 (m, 1H), 2.84 (m, 1H), 1.14 (m, 3H).  31P NMR (162 

MHz, DMSO-d6) δ -1.479 (s), -1.719 (s).  MS m/z = 471.01 [M+1]. 

(2S)-ethyl 3-methyl-2-(((4-nitrophenoxy)(phenoxy)phosphoryl)amino) butanoate (22e). 
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(S)-Ethyl 2-amino-3-methylbutanoate (0.351 g, 1.93 mmol) was dissolved in CH2Cl2 (17 mL). 

This solution was cooled in an ice bath and PhOP(O)Cl2 (0.287 mL, 1.93 mmol) was added, 

followed by the slow addition of Et3N (1.62 mL, 11.4 mmol) over about 5 min. The cold bath 

was removed and the reaction was allowed to warm to rt and stir over a period of 1 h. p-

NO2PhOH (0.255 g, 1.83 mmol) was added, and the reaction progress was monitored by LC/MS. 

Upon completion of the reaction, the mixture was diluted with Et2O, and the resulting solids 

were removed by filtration.  The filtrate was concentrated and the crude residue was purified by 

silica gel column chromatography (eluent: 0-55% ethyl acetate in hexanes) to afford compound 

22e (0.642 g, 79%, as a mixture of diastereomers).  1H NMR (400 MHz, DMSO-d6) δ 8.30 (d, J 

= 9.2 Hz, 2H), 7.48 (t, J = 9.6 Hz, 2H), 7.40 (t, J = 7.8 Hz, 2H), 7.20-7.27 (m, 3H), 6.60 (q, J = 

11.6 Hz, 1H), 4.01 (m, 2H), 3.61 (m, 1H), 1.93 (m , 1H), 1.11 (m, 3H), 0.79 (m, 6H).  31P NMR 

(162 MHz, DMSO-d6) δ -0.342 (s), -0.578 (s).  MS m/z = 422.9 [M+1]. 

Ethyl 2-methyl-2-(((4-nitrophenoxy)(phenoxy)phosphoryl)amino)propanoate (22f). 

Phenyl dichlorophosphate (0.97 mL, 6.50 mmol) and ethyl 2-amino-2-methylpropanoate 

hydrochloride (1.09 g, 6.50 mmol) were dissolved in CH2Cl2 (50 mL).  The reaction mixture was 

cooled to about 0 °C and Et3N (1.75 mL, 12.5 mmol) was slowly added.  The reaction mixture 

was allowed to warm to rt.  After 2 h, p-nitrophenol (0.860 g, 6.17 mmol) was added followed by 

the Et3N (0.87 g, 7.69 mmol).  After about 2 h, the reaction was determined to be complete by 

LCMS.  The reaction was diluted with Et2O and the precipitate was removed by filtration.  The 

resulting filtrate was concentrated under reduced pressure and the crude residue was purified by 

silica gel chromatography (eluent: 0-50% ethyl acetate in hexanes) to afford compound 22f 

((1.79 g, 68%).  1H NMR (400 MHz, DMSO-d6) δ 8.37 – 8.21 (m, 2H), 7.55 – 7.44 (m, 2H), 7.43 

– 7.33 (m, 2H), 7.30 – 7.09 (m, 3H), 6.57 (d, J = 10.1 Hz, 1H), 3.99 (q, J = 7.1 Hz, 2H), 1.39 (s, 

6H), 1.08 (t, J = 7.1 Hz, 3H).  31P NMR (162 MHz, DMSO-d6) δ -2.87.  MS m/z = 408.97 [M+1]. 

(2S)-cyclobutyl 2-(((4-nitrophenoxy)(phenoxy)phosphoryl)amino)propanoate (22i). 

Phenyl dichlorophosphate (1.49 mL, 10 mmol) was dissolved in 10 mL of anhydrous 

dichloromethane and stirred under atmosphere nitrogen in an ice bath.  Cyclobutyl-L-alinate 

hydrochloride (0.9 g, 5 mmol) was added in one portion.  Triethylamine (765 µL, 5.5 mmol) was 

then added dropwise. The reaction mixture was stirred for about 1 h, and triethylamine (765 µL, 

TR-17-031  DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

UNCLASSIFIED



5.50 mmol) was added dropwise and the reaction was stirred for about 45 min.  p-Nitrophenol 

(1.25 g, 9 mmol) was added in one portion and stirred for about 30 min.  Triethylamine (765 µL, 

5.5 mmol) was added and the reaction mixture was stirred for about 2 h.  Additional p-

nitrophenol (1.25 g, 9 mmol) and triethylamine (765 µL, 5.50 mmol) were then added, and the 

reaction was stirred for another 2 h.  The reaction mixture was concentrated under reduced 

pressure, and the resulting crude residue was diluted with ethyl acetate and washed twice with 

5% aqueous citric acid solution, and once with saturated aqueous sodium chloride solution.  The 

organic layer was then dried over anhydrous sodium sulfate and concentrated under reduced 

pressure. The crude residue was purified with silica gel column chromatography (eluent: 0-50% 

ethyl acetate in hexanes) to afford compound 22i (1.48 g, 70% yield as a mixture of 

diastereomers).  1H NMR (400 MHz, methanol-d4) δ 8.33 – 8.23 (m, 2H), 7.52 – 7.33 (m, 4H), 

7.33 – 7.17 (m, 3H), 4.96 – 4.85 (m, 1H), 4.07 – 3.96 (m, 1H), 2.27 (m, 2H), 2.07 – 1.91 (m, 

2H), 1.83 – 1.70 (m, 1H), 1.70 – 1.55 (m, 1H), 1.32 (m, 3H).  31P NMR (162 MHz, methanol-d4) 

δ -1.36, -1.59.  MS m/z = 420.9 [M+1]. 

tert-Butyl ((4-nitrophenoxy)(phenoxy)phosphoryl)-L-alaninate (22k). 

A suspension of L-Alanine t-butylester hydrochloride (475 mg, 2.62 mmol) was suspended in 

methylene chloride (10 mL), and phenyl dichlorophosphate (0.39 mL, 2.62 mmol) was added 

rapidly at –78 °C.  A solution of triethylamine (0.72 mL, 5.24 mmol) in methylene chloride (1.5 

mL) was then added over 60 min at –78 °C and the resulting mixture was stirred at room  

temperature for 3 h.  The reaction mixture was  cooled to 0 °C and 4-nitrophenol (364 mg, 2.62 

mmol) was added in one portion.  Then triethylamine (0.36 mL, 2.62 mmol) was added over 60 

min and the reaction mixture was stirred at rt.  After 3 h, the reaction mixture was diluted with 

ethyl acetate, washed with saturate aqueous sodium carbonate solution (3 ×), dried over sodium 

sulfate, and concentrated under reduced pressure.  The crude residue was purified by silica gel 

column chromatography (eluent: 0-35% ethyl acetate in hexanes) to afford 22k (2.3 g, 79%). 1H 

NMR (400 MHz, chloroform-d1) δ 8.30 – 8.18 (m, 2H), 7.46 – 7.29 (m, 4H), 7.31 – 7.14 (m, 

3H), 4.01 (tt, J = 8.5, 6.5 Hz, 1H), 3.93 – 3.70 (m, 1H), 1.43 (s, 9H), 1.37 (dd, J = 7.0, 2.0 Hz, 

3H). 31P NMR (162 MHz, chloroform-d1) δ –2.85. MS m/z = 844 [2M+1]. 

 

Cyclobutylmethyl ((4-nitrophenoxy)(phenoxy)phosphoryl)-L-alaninate (22l). 
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To a suspension of L-alanine cyclobutylmethyl ester hydrochloride (1.2 g, 7.2 mmol) in 

methylene chloride (10 mL) was added phenyl dichlorophosphate (1.07 mL, 7.16 mmol) rapidly 

at –78 °C.  Triethylamine (2.0 mL, 14.0 mmol) was added over 60 min at –78 °C and the 

resulting mixture was stirred at rt for 3 h.  The reaction mixture warmed to 0 °C and 4-

nitrophenol (996 mg, 7.16 mmol) was added in one portion.  Then  triethylamine (1.0 mL, 7.2 

mmol) was added over 60 min, and the reaction mixture was then stirred at room temperature.  

After 3 h, the reaction mixture was diluted with ethyl acetate, washed with saturate aqueous 

sodium carbonate solution (3 ×), dried over sodium sulfate, and concentrated under reduced 

pressure.  The crude residue was purified by silica gel column chromatography (eluent: 0-35% 

ethyl acetate in hexanes) to afford 22l (2.3 g, 85%). 1H NMR (400 MHz, chloroform-d1) δ 8.30 – 

8.16 (m, 2H), 7.45 – 7.30 (m, 4H), 7.30 – 7.18 (m, 3H), 4.23 – 4.02 (m, 3H), 3.94 – 3.84 (m, 

1H), 2.58 (m, 1H), 2.03 (m, 2H), 1.98 – 1.81 (m, 2H), 1.73 (m, 2H), 1.41 (m, 3H).  31P NMR 

(162 MHz, chloroform-d1) δ –3.06 , –3.11.  MS m/z = 435 [M+1]. 
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Single Crystal X-ray Diffraction 

Single Crystal X-ray Diffraction of Compound 23 

The single crystal X-ray Diffraction of compound 22b has been described previously.10  The 

absolute stereochemistry of compound 22b is unambiguous.  The X-ray crystallographic 

coordinates and structure factor files for compound 22b have been deposited in the Cambridge 

Structural Database (accession number 1445315, http://www.ccdc.cam.ac.uk/). 

 

Single Crystal X-ray Diffraction of Compound 4b 

The single crystal X-ray diffraction studies were carried out on a Bruker APEX CCD 

diffractometer equipped with Cu Kα radiation (λ = 1.54178).  A 0.220 × 0.080 × 0.040 mm 

colorless needle of 4b grown from a dichloromethane solution was mounted on a Cryoloop with 

Paratone oil.  Data were collected in a nitrogen gas stream at 100(2) K using φ and ϖ scans.  The 

diffractometer was a Bruker D8 platform equipped with a Nonius FR-591 rotating anode 

generator and micro-focus optics.  Crystal-to-detector distance was 60 mm and exposure time 

was 5 s/frame using a scan width of 0.5°.  Data collection was 97.9% complete to 65.67° in θ.  A 

total of 14875 reflections were collected covering the indices, -12 < h < 12, -8 < k < 8, -25 < l < 

25.  5666 reflections were found to be symmetry independent, with a Rint of 0.0864.  Indexing 

and unit cell refinement indicated a primitive, monoclinic lattice.  The space group was found to 

be P21.  The data were integrated using the Bruker SAINT software program and scaled using 

the SADABS software program.  Solution by direct methods (SHELXS) produced a complete 

phasing model consistent with the proposed structure. All nonhydrogen atoms were refined 

anisotropically by full-matrix least-squares (SHELXL-97).  All hydrogen atoms were placed 

using a riding model.  Their positions were constrained relative to their parent atom using the 

appropriate HFIX command in SHELXL-97.  The overall quality of this structure is 

compromised by weak and broad diffraction that may have resulted from a partial desolvation of 

the crystals.  The absolute stereochemistry is about 95% reliable.  The X-ray crystallographic 

coordinates and structure factor files for compound 4b have been deposited in the Cambridge 

Structural Database (accession number XXXXXX, http://www.ccdc.cam.ac.uk/). 

 

Comment [DS4]: Submit to Database 
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Figure S1. Thermal ellipsoid representation of compound 4b. 

 

 

TR-17-031  DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

UNCLASSIFIED



Table S1.  Crystal data and structure refinement for compound 4b. 

Empirical formula  C27 H35 Cl2 N6 O9 P  
Formula weight  689.48  
Temperature  100(2) K  
Wavelength  1.54178 Å  
Crystal system  Monoclinic  
Space group  P21  
Unit cell dimensions a = 10.5800(4) Å α = 90° 
 b = 7.4526(4) Å β = 92.500(3)° 
 c = 21.5691(12) Å γ = 90° 
Volume 1699.07(15) Å3  
Z 2  
Density (calculated) 1.348 Mg/m3  
Absorption coefficient 2.658 mm-1  
F(000) 720  
Crystal size 0.22 × 0.08 × 0.04 mm3  
Theta range for data collection 4.103 to 65.670°.  
Index ranges -12 ≤ h ≤ 12, -8 ≤ k ≤ 8, -25 ≤ l ≤ 25 
Reflections collected 14875  
Independent reflections 5666 [R(int) = 0.0864]  
Completeness to theta = 66.000° 97.9 %   
Absorption correction Multi-scan  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5666 / 1 / 416  
Goodness-of-fit on F2 1.352  
Final R indices [I>2sigma(I)] R1 = 0.1269, wR2 = 0.3342 
R indices (all data) R1 = 0.1434, wR2 = 0.3467 
Absolute structure parameter 0.128(18)  
Extinction coefficient n/a  
Largest diff. peak and hole 1.453 and -0.614 e.Å-3  
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